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ABSTRACT 
Study of Secondary Electron Emission from Niobium  
at Cryogenic Temperatures 
by 
Anoop George 
Dr. Robert A. Schill, Jr., Examination Committee Chair 
Associate Professor  
Department of Electrical Engineering 
University of Nevada, Las Vegas 
       The objective of this project is to study the properties of secondary electron emission 
from niobium samples, cleaned at the Los Alamos National Laboratory, at cryogenic 
temperatures to enhance existing multipacting codes with data on the samples. The 
predominant cause of power loss in radio-frequency superconducting accelerators 
cavities is multipacting. This project studies the secondary electron distribution from 
niobium metal due to incident primary electrons. The experiments on the niobium sample 
are performed in an environment close to that present in a superconducting accelerator 
cavity.  
      The experiment is performed in a vacuum chamber capable of achieving ultra high 
vacuum levels of around 9×10-10 Torr. The niobium sample is cooled to 23 K using a 
cryostat to perform experiments in a cryogenic temperature. An electron gun provides the 
primary beam of electrons of varying energies impacting the niobium sample. The 
secondary electrons produced by the sample are then collected by a single particle 
 iv 
position detector. Secondary electron spreads are studied for varying angles and energies 
of primary electron incidence. 
     The experimental setup was simulated and the secondary electrons tracked under 
various criteria using a finite element electromagnetic software. Using experimental 
results and the particle tracking simulation a set of initial secondary electron conditions 
are deduced. These initial conditions are validated using a modified Monte Carlo code for 
secondary electrons from niobium. 
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CHAPTER 1 
 
INTRODUCTION 
1.1 Thesis Objective 
      Accelerator Driven Transmutation of Waste is one complementary approach to deal 
with spent nuclear fuel as compared to permanent storage. High-energy protons generated 
by a particle accelerator collide with a heavy metal target producing neutrons. These 
neutrons are used to transmute long-lived radioactive isotopes into shorter-lived, easier to 
handle isotopes. There has been interest in using the linear accelerator (Linac) at the Los 
Alamos National Laboratory (LANL) for this purpose. One of the major components in a 
high current/high energy linear accelerator is the multi-cell superconducting radio-
frequency cavity. The multi-cell cavities at LANL are composed of niobium. 
Superconducting niobium cavities have several advantages including small power 
dissipation compared to normal conducting copper cavities. Large RF fields are required 
for proton acceleration. These large fields may induce field emission. Field emission may 
result from inclusions in the cavity wall, surface impurities, and/or poor cavity geometry 
design. The high fields, present within the cavity accelerate and guide these electrons 
until they impact the cavity surface. This impact can lead to the generation of one or 
more secondary electrons. If secondary electrons are created in phase with the RF-fields, 
and the impact is localized and suitably energetic, a rapidly rising multiplication of 
 2 
electrons will occur. This localized resonant process is known as multipacting (multiple 
impacting). The number of secondary electrons is determined by the impact energy of the 
primary electron, by the surface characteristics and by the secondary emission coefficient 
of the cavity material. Radio frequency power supplied to the cavity for the purpose of 
accelerating protons is partially lost due to multipacting. It becomes increasingly difficult 
to enhance the RF energy in the cavity even as the power supplied to the cavity is 
increased.  The electron collisions with the structure walls lead to a temperature rise and 
eventually to a breakdown of superconductivity. As a result, the Q0 (quality factor) of the 
cavity is significantly reduced at the multipacting thresholds.  A good cavity design 
should be able to eliminate, or at least minimize multipacting. The factors that affect 
multipacting include the shape, surface finish and coating, and the secondary electron 
yield of the material. Therefore, it is important to study the secondary electron emission 
from preconditioned, surface cleaned materials used in the accelerator.  
      In this work, the distribution of secondary electrons from a niobium sample has been 
experimentally determined under conditions that closely emulate the environment of the 
superconducting RF linear accelerator at LANL. To this end, the experiment was 
conducted in a 10-9 Torr ultra high vacuum (UHV) environment at cryogenic 
temperatures in a niobium non-superconducting state (~23oK). Further, LANL specific, 
surface cleaned niobium samples are used. With the aid of particle tracking simulations 
and a Monte Carlo secondary electron emission code, a family of secondary electrons, 
with appropriate initial energy and initial momentum leading to the final condition 
measured in experiment will be identified. This study offers more than the secondary 
yield. Both secondary electron distributions and initial trajectory conditions are measured 
 3 
in a cryogenic temperature. The experimental results will be made available for use in 
LANL cavity design codes that examine mulitipacting effects. 
 
1.2 Secondary Electron Emission 
      Secondary electrons are those electrons emitted from solids when electrically charged 
particles with sufficient kinetic energy strike a solid surface. If the bombarding charged 
particles are electrons, they are called primary electrons.  
1.2.1 Energy Distribution of Secondary Electrons 
      According to Bruining [1] and McKay [2], secondary electrons can be differentiated 
into three groups, namely true secondary electrons, inelastically backscattered primary 
electrons and elastically reflected primary electrons. This was experimentally established 
by Rudberg [3,4]. The tendency of secondary electron energy curve in general for a 
primary electron energy of 185 eV is as shown in Figure 1.1. 
       The variation of the secondary electron emission for the region marked III is nearly 
independent of the primary electron energy and represents the true secondary electrons. 
The majority of electrons with low energies correspond to the broad peak with maximum, 
for most solids, in the vicinity of a few electron volts. The maximum, marked I, 
represents the elastically scattered primary electrons, with energies nearly equal to the 
primary energy of 185 eV. The maxima II are caused by those primaries which have 
undergone inelastic scattering thus loosing discrete amounts of energy. These were 
shown by Rudberg [3] to be characteristic of the metal used, and maintained its relative 
positions for a wide range of primary electron energies. The section of the curve parallel 
to the abscissa, between II and III, represents a mixture of true secondary electrons and 
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inelastically scattered primary electrons. For 300 eV primaries, Grobner [6] showed a 
true secondary electron, re-diffused primary and elastically reflected primary distribution 
of about 60%, 35% and 5% respectively. 
      Harrower [7] realized that the general shape of the energy distribution curve is 
independent of the primary electron energy pE , as long as pE is less than 20 eV.  
Changes in the distribution function appear only below 20=pE  eV. McKay [2], has 
reasonably established that all electrons with a energy greater than 50 eV have been 
scattered, either elastically or inelastically. This limits the true secondary electrons to 
those that have energies below 50 eV.  
      Apart from the maxima II peaks Haworth [8] found that in the low energy section of 
the curve for Nb (on the true secondaries curve region), there appeared fixed energy 
groups (appearing as humps on the main curve) at energies of 9, 21 and 31 eV. These 
humps too were characteristic of the metal used and independent of the primary electron 
energies. Lander [9] and Harrower, [10] showed that these humps were due to Auger 
electrons emitted as a result of absorption of a valance electron by an excited x-ray level 
and that they tend to disappear below a primary energy of 500 eV. 
1.2.2 Secondary Electron Yield 
       The secondary electron yield (δ ), first termed by  Barber, [11] is defined by Dekker 
[12] as the number of emitted electrons per incident primary electron and by Bruining [1] 
as the proportion of the total emitted secondary electron current to the primary electron 
current. According to these definitions, the yield would include all the three groups of 
electrons. The influence of various physical phenomena on the secondary electron yield 
(SEY) noted in literature are discussed. 
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1.2.2.1 Effect of Primary Electron Energy 
        Dekker [12] has provided examples which indicate that the SEY of all materials 
varies with the energy of the incident primary electron. It is also shown that the yield 
curves for all materials exhibit the same general shape as shown in Figure 1.2. The yield 
initially increases with an increase in primary energy. The yield plateaus at a particular 
primary energy. Further increases in primary energy leads to a decrease in yield, since at 
high primary energies most of the secondary electrons are produced too deep below the 
surface to escape. In Figure 1.2, opm
o
pI EE , and 
o
pIIE  represent the lower SEY = 1 primary 
energy threshold, primary energy at which the SEY is a maximum and the upper SEY =1 
primary energy threshold respectively. mδ represents the maximum secondary electron 
yield. 
      Define δ , pξ , pd  and sd respectively as the secondary electron yield, the energy of 
the primary electrons, the maximum depth of production of secondary electron and the 
maximum depth from which the secondaries can escape, Literature [5] states that for 
(max)pp ξξ < , sp dd <  and 0>∂
∂
pξ
δ
. Similarly for (max)pp ξξ > , sp dd >  and 0<∂
∂
pξ
δ
. 
According to Warnecke [13] and Kollath, [14] pure niobium attains a maximum 
secondary electron yield of 1.2 corresponding to a primary energy of 375 eV.   
1.2.2.2 Effect of Work Function 
       According to the experimental data compiled by McKay [2] and the theory put 
forward by Baroody [15], the maximum secondary electron yield increases with an 
increase in the work function of the metal. According to their formula and plots for 
various metals, niobium which has a work function of 4.2 eV would have a maximum 
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SEY of about 1.2. Kudo et.al. [16] showed that the SEY and the work function of metals 
had a similar variation with their atomic numbers. The SEYs of niobium relative to 30 
other metals have been plotted. Experimental results by Treloar [17] confirmed a linear 
relationship between δ10log  and the work function for various substrate contaminant 
combinations having a small thickness. It was also shown that for a given value of work 
function and for different contaminants on a substrate, the SEY is independent of the 
nature of the contaminant. The SEY effects associated with thick films did not follow the 
above tendencies yielding a large dependence on the contaminant. 
1.2.2.3 Effect of Temperature 
       McKay, [2] indicates that a change in temperature affects the secondary electron 
yield by altering the density of adsorbed gases, by altering the crystal structure of the 
material, and by changing the surface roughness. Studies by Wooldridge [18] and 
McAllister [19] on various metals show that, apart from the above mentioned effects, 
temperature does not influence the SEY to a great extend. No previous work was found 
involving secondary electron emission from metals at cryogenic temperatures.  
1.2.2.4 Effect of Angle of Incidence of the Primary Electron 
      Experiments have shown that the secondary electron yield increases with the increase 
in the angle of incidence of the primary beam away from the normal to the surface. 
Bruining, [20, 21] experimentally showed that there is very little variation in yield with 
incident angle for low primary electron velocities. This effect increases when (max)pp ξξ >  
where the yield is predominantly limited by the absorption of secondaries. He also 
derived a relation, which was based on the assumption that the secondaries are absorbed 
exponentially with distance, expressed as 
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)cos1(
0
θα
θ δδ −= xe  (1.1) 
where θδ  is the yield at θ  angle of incidence, 0δ  is the yield at normal incidence, x is the 
mean depth of liberation of electrons, and α  is the coefficient of absorption of 
secondaries. In a similar conclusion Shih [22] remarked that the observed increase in 
yield was due to the decrease in the mean depth of liberation of electrons by a factor of 
θcos  with an increase in the angle of incidence. 
      Bruining, [20,21] also showed that a rough surface shows no variation of SEY with 
the incident angle of the primary. This is because the rough surface makes the angle of 
incidence very poorly defined.  
      After investigating various metals, with primary electrons having (max)pp ξξ > , Muller 
[23] concluded that over the range 0800 ≤≤ θ , the yield varied as 1)(cos −θ . In a similar 
conclusion Jonker [24] established the following relation between the maximum yield mδ  
and the angle of incidence 
=
2
1)(cosθδ m constant (1.2) 
Here θ  is the angle of incidence of the primary beam with respect to the normal to the 
surface. He also showed that relative change in SEY with incident angle varied inversely 
with the target material density. 
1.2.2.5 Effect of Adsorbed Surface Contaminants 
       Copeland [25] and Kirby et.al. [26] showed that the SEY exhibited characteristics of 
the superficial layer for primary electrons of low energy and the characteristics of the 
base material for high energy primary electrons. 
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      Bojko et.al., [27] concluded that the SEY of most metals increases with air exposures 
because most metal oxides are insulators. The compound Cu2O is a semiconductor. This 
metal oxide results in a decrease in the SEY on air or O2 exposure to Cu metal. Grundner 
et.al. [28] noted that Niobium (Nb) is always coated with a layer of dielectric Nb2O5 ( 1- 
6 nm) and by physisorption and chemisorption layers (0.5-3 nm). The Nb2O5 layer (dry 
oxide) increased the SEY by 30% form 0.9 for pure Nb to 1.3 to 1.7. For wet oxides such 
as the Nb2O5-H2O2 chemisorption state, the SEY increased by 20% to about 1.8. 
      Bombarding Nb
 
with electrons (100A/cm2) having energies between 0.2 and 1 keV 
yielded a reduction reaction of Nb2O5 to the conducting NbO2 by drawing Nb from the 
metal into the oxide. Charging up of the dielectric was seen as the reason for this 
reduction. The NbO2 in Nb2O5 enhance the conductivity greatly, so that NbO2 growth 
saturates as soon as enough NbO2 is present to neutralize the electron-induced charging, 
at which point the SEY reaches equilibrium. Generally all samples showed a 40% 
decrease in the SEY for an electron dose of 1 C/mm2. 
      Ion sputtering of the sample resulted in a reduction in SEY by means of two separate 
processes. First, the conductivity is enhanced by reducing Nb2O5 to NbO2 and further to 
NbO. Garwin et.al., [29] determined this sputtering time to be approximately 1 to 10 
minutes at a bombardment rate of 3e1016 to 3e1017 ions/cm2. Second, the conversion of 
hydrocarbon to polymerized carbon coupled with the conversion of carbon containing 
gases to elemental carbon helps in reducing the yield. This was also shown 
experimentally by Kirby et.al. [26] for Al and Cu. These processes result in a 40% 
decrease in the SEY to about 1.2. Apart from the above mentioned effects, Padamsee 
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et.al. [30] noted that the location of the maximum in the SEY curve was shifted to higher 
primary energies after ion bombardment. 
      Baglin et.al, [31, 32] showed that the SEY of copper increased from 1.7 for a clean 
sample to 2.3 for a sample with 160 monolayers of water, after which the SEY stabilized 
for increasing thickness of the water layer. He showed that the SEY of Cu decreased with 
increasing thickness of a hydrogen layer. 
      Hilleret et.al, [33] studied niobium for the variation in SEY with bake-out 
temperature and found that all the characteristic values of SEY decrease with increasing 
bake-out, falling as low as 1.22 (from an initial 2.29) at a temperature of  350oC. 
Desorption of adsorbed water and the conversion of insulating oxides to conducting 
oxides was observed by Walters et.al. [34] as the main reason for this decrease. Further, 
Hilleret demonstrated that the major decrease in SEY began to occur only after 200oC. It 
was also seen that the first crossover energy opIE increased with increasing temperature, 
while the second crossover energy opIIE decreased, there by effectively narrowing the SEY 
curve peak. On exposing the baked out sample to air, the SEY increased with exposure 
time. The low energy part of the curve was seen to be more effected than the high energy 
part. In general these exposures do not enable the sample to regain its pre-treatment SEY 
values, which increased to 1.74 from the initial 2.29, even after a 30 day exposure at 
atmospheric pressure. The first crossover energy is much more affected by air exposure 
than the second crossover energy. Glow discharge studies (sputtering) with argon, 
nitrogen and other gases conducted by Hilleret, further showed that Argon sputtering 
resulted in a yield close to that of pure Nb and nitrogen sputtering gave the smallest SEY 
of 1.09 at 400 eV. Nitrogen and argon-oxygen sputtering produced surfaces least 
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sensitive to recontamination by subsequent air-exposures. He concluded that sputtering 
proved to be more effective in reducing SEY than bake out. 
      R. Noer et.al., [35] studied the uniformity of the SEY over a Nb sample surface and 
found it to vary as much as 10%. The reproducibility of a yield at a certain point was seen 
to be of the order of 1%. Baglin et.al., [31] showed that an increase in the roughness of 
the surface of Cu permanently decreased SEY to values smaller than 1. Processing or 
conditioning too was shown to decrease the yield. This occurs when the surface is 
exposed to the impacting electron beam for a long time. Doses larger than 10-6 C/mm2 
were shown to induce conditioning that stabilized for doses greater than 10-3 C/mm2 at a 
yield value close to unity. Conditioning decreased the yield for the whole primary energy 
range. 
1.2.3 Angular Distribution of Secondary Electrons 
       Jonker [36] determined that the secondary electrons from polycrystalline surfaces are 
a cosine distribution independent of the angle of incident primary electrons. Burns, [37] 
showed that for a single crystal face the angular distribution of secondary electrons is 
anisotropic in nature. 
1.2.4 Escape Depth of Secondary Electrons 
      Seiler [38] determined that the escape probability for secondary electrons produced at 
a distance x  from the surface, decreases with 
λx
e
−
, where λ  is the mean escape depth. 
He also predicted that the maximum escape depth is approximately five times the mean 
escape depth. The mean escape depth from metal is on the order of 0.5 to 1.5 nm while 
the maximum escape depth was found to be approximately 5 nm.  
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1.2.5 Secondary Electron Measurement Techniques 
      Secondary electron yield, spatial distribution, and secondary electron energy 
measurements require different detection techniques. Typically, secondary electron yield 
techniques depend on a conservation relation. Direct measurements make use of a 
collector cage or Faraday cup-like setup (region containing the scattered electrons not 
completely enclosed) to capture the secondary electrons generated yielding a secondary 
electron current. These currents are then compared to the measured primary electron 
current [35,39] or the sample-to-ground current based on conservation of current 
[27,31,32,33,40,41]. An indirect measurement of the secondary electron yield is obtained 
by measuring the primary beam current and the sample-to-ground current and deducing 
the secondary electron current based on conservation of current [22,26,29,30,34,42,43]. 
Energy measurements require a more sophisticated detection scheme typically employing 
electrostatic or magnetostatic energy analyzers. Statistically, secondary electrons are 
emitted with energies less than or equal to the energy of the primary beam with varying 
probability. True secondary electrons have a maximum energy of about 20 to 50 eV 
based on literature. Energy analyzers may be classified as either a retarding grid analyzer 
or dispersion analyzers [44]. The retarding grid analyzers have been used to measure the 
energy of secondary electron emission [40,41]. These types of analyzers record the 
cumulative sum of secondary electrons collected over a range of energies simultaneously.  
The differentiated signal provides the number of secondary electrons collected at a 
particular energy. A spherical retarding grid has the advantage of collecting secondary 
electrons over all emission angles.  The dispersion analyzers, typically of the electrostatic 
type [26,29,34,42,7,10] and the magnetostatic type, [3,4,45] directly measure the 
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secondary electron emission at a particular energy. These dispersion analyzers 
preferentially select secondary electrons emitted within a narrow energy band to be 
detected. These techniques may be sensitive to the initial momentum of the emitted 
electron entering the energy analyzer. Those electrons with momentum direction cosines 
falling outside of an acceptance angle may not be resolved.  A different technique can be 
used to measure the angular distribution of the secondary electron emission. This 
technique requires the movement of a detector such as a Faraday cup attached to a 
hemispherical conducting cavity [46]. The Faraday cup maps out the spread of secondary 
electron emission over a particular arc length 
 
1.3 Uniqueness of the Research 
      The literature search revealed no evidence of secondary electron emission studies at 
cryogenic temperatures. Even though a superconducting state of niobium is needed to 
emulate exactly the Los Alamos National Laboratory specific multipacting applications, 
studying the phenomenon at cryogenic temperatures is a unique process. LANL and 
Cornell University surface cleaned niobium samples are used. Typically, currents 
collected by isolated structures are measured employing a conservation law if needed to 
provide the secondary electron yield as a function of the primary electron. Although the 
secondary electron emission yield distribution offers insights to secondary electron 
emissions, it does not account for the initial trajectory condition or to angular 
distribution. The experimental setup employs a single particle collector capable of 
detecting position and relative time-of-flight with high resolution while extracting 
secondary electron yield data if appropriately monitored. The latter information is not of 
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interest in this work. With the aid a beveled test piece and a rotateable cryostat in situ 
studies of primary electrons colliding obliquely with a planar surface over several 
discrete incident angles is examined. Under the premise that the surface is uniformly 
prepared initially, all surface changes occurring upon insertion, chamber evacuation and 
sample cooling occurs statistically the same on each surface angle of the bevel. To further 
enhance the surface cleaning process, an in situ surface heating mechanism has been 
designed in the UHV vacuum chamber. 
 
1.4 Organization of the Thesis 
      This thesis is organized into five chapters. The experimental setup revolved around 
two crucial pieces of equipment, the electron gun and secondary electron detector. 
Optimal values for the various parameters of the electron gun and the detector and their 
relative arrangements were determined by a series of calculations and simulations. 
Chapter 2 deals with these aspects of the electron gun and detector. Chapter 3 details the 
experimental setup and explains the various equipment and novel techniques used. The 
results of the experiment are discussed in Chapter 4. With the aid of an electromagnetic, 
finite element particle tracking simulation and experimental data on final particle 
positions, a family of initial conditions such as the emission trajectory and energy are 
deduced and compared against a modified Monte Carlo simulation code based on 
approximate, multilayer, surface physics. Chapter 5 concludes the thesis and provides 
some recommendations for possible future work. 
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FIGURES 
 
 
Figure 1.1 The general shape of the energy distribution of secondary electrons [5]. The 
abscissa and ordinate represent the energy and number of secondary electrons 
respectively. 
 
 
 
Figure 1.2 General shape of the secondary electron yield curve. [5] 
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CHAPTER 2 
 
  DETECTOR AND ELECTRON GUN STUDIES 
 2.1 Introduction 
      Charged particle tracking studies are critical to the design setup and performance of 
the secondary electron emission experiment. The mutual position of the sample, charge 
particle position detector, control grid mesh, and other obtrusive but non-critical 
components for optimal controlled secondary electron detection are determined from 
these studies in the design stage. Particle tracking studies are also used in the analysis and 
interpretation of experimental data. The experiment investigates the number of secondary 
electrons emitted in unit solid angle per energy of incident primary electron impinging at 
some angle relative to the normal of the surface of the piece under test, at cryogenic 
temperatures. With the aid of particle tracking and scattering codes, the initial trajectory 
information of secondary electrons are to be determined. To this end, the spot size of the 
primary electron beam, the dose, impact energy, current and pulsing capabilities are 
important gun parameters examined. Detector type, size, spatial resolution and temporal 
resolution are based on the electron gun parameters and simulated trajectory profiles of 
typical secondary electrons launched at the surface of the piece under test. Typical 
secondary electron energies are based on well-known scanning electron microscopy 
literature [47] and solid state physics [12, 5]. This chapter presents calculations and 
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simulations enabling an optimal experimental setup based on existing state of the art 
equipment with novel measuring techniques.  
 
2.2 Electron Gun Studies 
2.2.1 Choice of the Electron Gun 
            The gun selection is based on four criteria. The first criterion for gun selection is 
the range of electron beam energies. Typically literature indicates that niobium emitted 
secondary electrons are generated by primary electrons within an energy range of 150 to 
1050 eV and that the maximum secondary emission occurs at a primary electron energy 
of  about 375  eV  [14] .  Secondary electron yield and energy are affected by surface 
contamination [48, 31].  
         Table 2.1 shows typical secondary emission coefficient for the Nb with various 
surface treatments. Based on these values, the active energy range of the electron gun 
sought is inclusive between 50 eV and 3000 eV.  
      The second criterion deals with the spot size of the beam. Nearly hemispherical 
niobium samples are expected to be used in the experiments.  This curvature was 
employed in order to facilitate varying the angle of incidence of the primary by changing 
the position of the sample. In order to maintain a fairly constant angle of incidence across 
the cross-section of the beam, the beam diameter must be small compared to the radius of 
the curvature of the sample. The variation of the angle across the beam diameter on a 
hemispherical surface is shown in Figure 2.1 
      The angle that the beam makes with the normal to the hemispherical niobium sample 
surface at any point of contact is given by  
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(2.1) 
where x is the distance of the point of impact from the z-axis and r is the radius of the 
hemispherical niobium sample. 
       Assuming a microscopically smooth planar surface, the outer circumference and 
center the center of the beam impinges on the planar surface at nearly the same angles. 
Ideally this is sought. The maximum deviation of the angle of incidence of the beam 
relative to the normal of the surface between two points on the beam edge is used as a 
figure of merit. This figure of merit, θ∆ , quantifies the nonuniformity of the angle of 
incidence of the beam over a spherical surface. 
      Thus, if the centerline of a beam striking the sample is a distance mx  from the z-axis, 
and if the two farthest edges of the beam on a ϕ =constant plane cutting through the 
beam’s cross-section of diameter D are 
2
DX m +  and 2
DX m −  (as shown in Figure. 2.1), 
the figure of merit, θ∆ , is given by 
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(2.2) 
      For a primary beam diameter of 1 mm and impacting at 45o (worst case scenario for 
this experiment) to the normal to the surface of the sample will have a θ∆  of 16.44o. In 
order to keep this variation at a minimum a reduced beam diameter is required. For a 
beam diameter of 50m the θ∆  is as low as 8.1o. 
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       The third criterion concerns the electron beam current. An electron dose 
concentration, D, greater than about 10 nC-mm-2 [26,35], over the duration of the 
experiment, induces surface damage. Alterations of the niobium surface with condensed 
contaminant layers significantly affect the secondary electron yield. This electron dose 
concentration places an upper limit on the nondestructive testing of the niobium surface.  
A typical minimum pulse width, TP, for an electron gun, with an external pulsing unit, is 
about 1s. For nondestructive testing, the maximum beam current density allowed based 
on this minimum pulse width is Pp TDJ = .  Using the values mentioned above for D 
and PT , gives a pJ  of  
210−  A-mm-2. Thus a primary electron beam with a maximum of 
the above mentioned current density can be impacted once on any given sample surface. 
      For the detector to unambiguously identify the location of an electron, no two 
electrons can be collected by the detector within a distance of separation of 10 mm (dead 
distance) in a time interval of 10 ns (dead time). One estimates that a single primary 
electron generates a single secondary electron. Then assuming that one secondary 
electron is collected by the detector in the dead time interval, the primary beam current is 
0.1 nA. If the charges are uniformly distributed throughout the primary beam with a 
diameter equal to the spatial resolution of the detector (typically taken to be 
around 250 m), the maximum primary beam current density is 2RIJ p pi= , where R is 
one half the spatial resolution. Assuming a thick line current of charge impinging on a 
250 m diameter area, the maximum primary beam current density is of 2 nA-mm-2. In 
order to prevent surface damage to the niobium under test, the duration of the experiment 
must not exceed a time given by D/Jp.  This is the maximum duration of a single pulse at 
these primary beam current densities, and in this case is found to be 5 s.  
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2.2.2 The EK-5-M5 Electron Gun 
       The EK-5-M5 from Staib Instruments Inc. has an electron energy range from 100 eV 
to 5000 eV and possibly as low as 50 eV. This would cover the entire primary electron 
energy range for niobium that is required to produce secondaries, which is about 50 eV  
to 2000 eV. It has a minimum beam diameter of about 5 m at 100 nA beam current and 
at about 6 cm from the tip of the gun. This gun has a maximum beam current of 3 A and 
a minimum of lower than 0.1 nA. It also has a fast pulsing option capable of a minimum 
pulse width of 1 s and a minimum pulse separation of 10 s [49]. This low current and 
pulse width are required to safely maintain the extremely low electron dose, on the order 
of 10-6 C/mm2, required to prevent the surface from conditioning. The process of 
Niobium surface conditioning has been discussed in Section 1.2.2.5. The gun has an 
optimal working distance of 1 to 6 cm and a maximum bakeout temperature of 250 oC. 
The gun is equipped with X-Y deflection plates for scanning up to ±  2 o and is computer 
controlled using dedicated software. The gun is designed to work at ultra high vacuum 
with a working pressure less than 7×10-6 Torr. 
The electron gun emits electrons with a well defined energy in a focused beam 
described by its spot size and working distance. There are three parts to an electron gun; 
1) a heated filament, 2) the accelerating region, and 3) the charge focusing elements [50]. 
The electron gun of choice, uses a tungsten hairpin filament heated by an electric current 
to about 2700 oK. The electrons in the Fermi level of the tungsten filament overcome the 
work function by means of thermionic excitation. Electrons leave the filament with an 
average energy of E = kT, where k is the Boltzmann's constant [8.617398 x 10-5 eV-K-1], 
and T is the filament temperature in Kelvin. At 2700 oK, the electrons have energies of 
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about 0.23 eV. Its emission current density ‘J’ can be determined by the Richardson-
Dushman law [50]  
              
kT
R eTAJ
φ−
=
2
 
(2.3) 
where AR is the emission constant [A-cm-2-oK-2], T is the absolute temperature of the 
filament [oK], φ  is the work function of the cathode material [eV] and k is the 
Boltzman’s constant. Tungsten has an emission coefficient AR = 60 A-cm-2-oK-2 and its 
work function φ  is 4.53 eV. The filament temperature controls the thermionic electron 
emission current density. Theoretically based on the Richardson-Dushman law an 
electron gun may be operated in an extremely low current mode. 
      This electron gun has a triode configuration, consisting of an emitter (cathode 
filament), grid cylinder (Wehnelt Cap), and the anode, as shown in Figure 2.2. The 
filament is usually a thin tungsten wire bent into an inverted ‘V’. Electrons are 
preferentially emitted from the bent tip producing a coherent source of electrons. Heating 
is accomplished by running a 3 A to 4 A current through the filament. The Wehnelt cap, 
typically biased to -200V to -300V relative to the filament, acts as a convergent 
electrostatic lens serving to focus the cloud of electrons from the filament tip while 
suppressing electrons emitted elsewhere on the filament. Upon passing through an 
aperture in the cap below the filament the electrons converge at a point (10-100 µm in 
diameter) located between the base of the Wehnelt cap and the anode plate. This point is 
called the cross-over and is the location of the effective electron source. 
      The electrons emitted from the filament are drawn away from the cathode by the 
positively charged, circular, anode plate with a central aperture. The anode is biased from 
+1 to +50 kV with respect to the Wehnelt cap. The voltage potential between the cathode 
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and the anode plate accelerates the electrons down the column and is known as the 
accelerating voltage. Together the Wehnelt cylinder and anode plate serve to condense 
and roughly focus the beam of primary electrons. They are then focused into a near 
parallel beam by a set of focusing lens. 
2.2.3 Calculation of the Number of Electrons 
in the Electron Beam Pulse. 
      Decreasing the pulse duration and minimizing the beam current for specific beam 
energies reduces the number of electrons in any one beam pulse. Assume a pulse with 
uniform current density, J, then the number of electrons per pulse N is  
q
IT
q
JTAN ==  (2.4) 
where I is the beam current in [A], T is the pulse duration in [s] and q is the charge of an 
electron in [C]. Consequently, a 1s, 0.01 nA pulse contains about 100 electrons. This is 
the lowest possible number of electrons that can be attained in an electron beam using the 
EK-5-M5 electron gun. Assuming a SEY of 1, the required temporal resolution of the 
detector would be approximately 10 ns. The detection dead time between strikes for the 
RoentDek detector is 10ns. Consequently the gun / detector system appears to operate 
most efficiently in the low current, pulsed mode. 
2.2.4 Calculation of the Electron Impact Energy 
      In an external field free region the energy with which the primary electron strikes the 
niobium target is the sum of its initial energy and the energy gained through Coloumbic 
attraction to the target. 
       According to the theory of images, the presence of a charged particle at a distance ‘z’ 
from a planar, perfectly conducting surface, as shown in Figure 2.3, can be modeled as 
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two equal and opposite charge separated by a distance ‘z’ above and below the surface 
interface in line with the surface normal.  This is shown in Figure 2.4. The force on the 
incoming charged particle due to its image charge is given by 
)( BvEqF  ×+=  (2.5) 
Neglecting the magnetic field due to the currents in the conducting medium Equation 2.5 
is rewritten as 
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From Figure 2.4 it can be seen that the distance between the charge and its image given 
by ‘r’ is 2z and that the force and momentum on the charge due to its image acts along 
the z axis. Hence 
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Multiplying both sides by zmv  and writing zv as dt
dz
, 
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dz
z
qmv
dt
d z
2
0
22
162 piε
−=  
(2.8) 
 
A conservation of energy relation may be written as 
o
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z
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(2.9) 
Where oE is the initial energy of the charge at ∞=z . The spread of the charge becomes 
position dependent yielding  
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The surface effects become significant when
oE
q
z
0
2
16piε
< . For a 1 eV charge, 
<z ~10-9 m. Surface effects are less apparent for higher initial energy charges in the field 
free region. As the electron approaches the surface, the effects of the electron cloud 
attached to the lattice structure begins to apply a repelling force on the primary electron. 
As a first order estimate, the diameter of an atom is used ( ≈AD 0.3 nm) as a lower bound 
for z in the method of images model.  
Consequently, the change in the impact energy between ADz =  and 
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 implying that surface effects do not significantly 
effect the impact energy if the initial energy of the primary electron exceeds 0.6 eV. 
Since primary electrons of interest have energies between 50 eV and 1500 eV, surface 
effects are not important. 
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2.3 Secondary Electron Detector Studies 
2.3.1 Choice of the Detector 
      The detector is used to capture the secondary electrons emitted from the niobium 
sample and to directly or indirectly provide the trajectory and dynamics of the captured 
electron. The various methods of secondary electron detection found in literature are 
discussed in Section 1.3. Although the secondary electron emission yield distribution 
offers insights to secondary electron emissions, it does not account for the initial 
trajectory condition nor can energy or angular distribution measurements be made. 
Retarding grid analyzers, like the LEED (Low Energy Electron Diffraction) system, 
suffer from inherent problems from relatively poor signal-noise-ratio in comparison to 
the dispersion energy analyzer [51,52] and is not commonly used to measure charged 
particle energy. These analyzers have been successfully used to study the dispersion 
properties of the secondary electron emission. Because the retarding analyzer measures 
the cumulative sum of electrons collected over a wide energy range, it is not adapted to 
time resolved detection of individual electrons with specific energies. Due to the poor 
energy resolution of the retarded energy analyzer, this type of analyzer is not further 
considered. The dispersion energy analyzer schemes selectively isolate particle energies 
within a narrow range of energies before detection. Not only is the energy range crucial 
in the measurement but the energy analyzer is limited to measuring charges that lie within 
a small acceptance angle [52]. The dispersion analyzers are hemispherical or cylindrical 
in geometry. Typically, the acceptance cone of hemispherical analyzers is smaller than 
the geometrical cone based on the input slit diameter and the focal distance of the lens 
near the entrance slit. Further, spherical aberration of the input lens limits the acceptance 
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angle size. Cylindrical mirror analyzers have a larger acceptance angle (typically 7% of 
2pi  steradians [40]) relative to its hemispherical counterpart but are still limited by the 
entrance slits. Because of its geometry, the cylindrical mirror analyzer is incompatible 
with conventional electron lenses and the normal of the surface of the sample impacted 
by the primary beam needs to be directed along the axis of the analyzer. It is also noted 
that fields of the lenses can only be controlled to a finite precision. The entrance and exit 
slits have finite width, and the field regions between analyzer components have abrupt 
discontinuities. All analyzers cause some energy spread in transmitting the signal through 
to the detector and all analyzers have losses of signal that vary with pass energy. Because 
of the narrow acceptance angle, angle resolved measurements from hemispherical 
dispersion analyzers require changing the position of the analyzer relative to the 
orientation of the electron beam with sample. Just tilting the sample without changing the 
orientation of the primary beam may significantly affect the physics of secondary 
electron emission especially when high energy primary beams approach a grazing angle 
[20-24]. Further, mechanically changing the tilt of a sample relative to the primary beam 
could place a different surface composition in front of the beam changing the outcome of 
the secondary electron emission. Literature has shown that a metal surface becomes 
conditioned after the primary electron beam dose exceeds a critical value [26,35].  To 
resolve a large range of energies over a wide spatial spectrum, experimental 
measurements have to be repeated a large number of times. The primary beam interacts 
with the surface over a long cumulative duration in time increasing the dose rate at the 
point of impact with the surface. Consequently, energy analyzers of either type are 
limited in resolving both the secondary electron energy and spatial distribution 
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simultaneously.  Angular distribution studies employing a movement of a detector, such 
as a Faraday cup, have limited direct time resolved energy resolution capabilities 
(Faraday cup with grid).  The change in the desired uniform field structure due to the 
presence of the detector may influence the final trajectory paths of the low energy 
secondary electrons. Some of the other detectors examined include the scintillating 
photomultiplier detector, gas electron detector and the MCP (Micro-Channel Plate) -
delay line detector. 
      The scintillating photomultiplier detector [53], also called the Everhart-Thornley 
detector, is the most commonly used secondary electron detector in secondary electron 
microscopes. It is composed of a metal tube with a screen grid at a bias voltage of about 
300 V with respect to ground. Inside the metal tube is a light guide whose end has a 
phosphorous coating. This is the scintillator and is biased at about 10 kV with respect to 
ground. The secondary electrons are accelerated towards the scintillator and on impact 
cause the phosphor to emit ultraviolet light. The intensity of the emitted light is 
proportional to the energy and the number of secondary electrons that strike the 
scintillator. This scintillator is optically coupled to a photomultiplier tube (PMT) via the 
light guide. The PMT transforms the light signal to electrons based on the photoelectric 
effect. These emitted electrons are then accelerated to an adjacent plate generating more 
electrons as a result of secondary electron emission. Through a sequence of potential 
differences between cascade stages, the original signal is amplified. The PMT is 
terminated by an anode plate where the amplified voltage pulse is detected.  
      The expected rate of emission of secondary electrons during the secondary electron 
emission experiment was calculated to be as large as 100 electrons in 1 s. In order to 
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detect such large numbers of electrons, the detector should have a time resolution of at 
least 10 ns. The scintillating photomultiplier detector is not suitable for this application 
because the temporal resolution of the phosphor material is on the order of a few s. 
Once excited the change in light intensity on the phosphor screen resulting from two 
nearly consecutive strikes become indistinguishable. This in turn limits the capability of 
an optical recording device like a CCD camera to determine the spatial distribution of the 
secondary electrons. 
       The Gas Electron Multiplier (GEM) detector [54,55] is capable of single electron 
detection. It is made up of a thin polymer foil with dual side metallization and chemically 
etched to create a high density of holes (typically 50 to 100 per mm2). On applying a 
potential difference between the two metalized electrodes, electrons drift into the holes 
and undergo avalanche multiplication by the strong electric fields inside them. They are 
then transferred to a collection region where they are collected by anode wire or a micro-
strip read-out plane. The multiplier can be used as detector on its own, or as a component 
in a multiple structure thus permitting large overall gains. 
      The GEM detector operation is based on avalanche multiplication and requires a 
filling gas. The detector requires a pressure of at least 10 Torr for operating. An electron 
guide, vacuum-gas barrier does not exist to separate the gaseous environments while 
allowing the electron to pass freely to the gas medium.  Consequently, the GEM detector 
is not a suitable choice for the secondary electron detection in a UHV environment. 
      A single particle position detector consisting of micro-channel plates (MCP) and a 
resistive anode (delay line) along with a controlling grid was also considered. This 
detector is a high resolution 2D-imaging and timing device for charged particle or photon 
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detection at high rates with multi-hit capability. It has a spatial resolution of about 
250 m, and a temporal resolution of about 10 to 12 ns. This system enables the detection 
of particle position and relative time of flight high resolution within a large solid angle. 
The spatial and temporal resolutions of this detector were considered to be most suitable 
for the present experimental requirements. The construction and working of this detection 
system is discussed in the following section. 
2.3.2 The Micro-Channel Plate / Delay Line Anode  
Detector System 
      The detector considered most appropriate for this experiment consists of a HEX 40/o 
MCP detector with hexanode helical wire delay-line-anode, DLATR8 front-end 
electronics containing signal de-coupling circuits, amplifiers and discriminators and 
TDC8-PCI a standalone PC-based TDC (Time-to-Digital Converter) module. All 
components are manufactured by RoentDek Handels GmbH. 
       MCP assemblies are widely used to detect electrons, ions and photons. A MCP 
consists of an array of many small glass tubes that act as much localized secondary 
electron multipliers as shown in Figure 2.5. The diameter of these tubes is usually 
between 10 m and 25 m. When a suitably energetic, particle impinges upon the MCP, 
a secondary electron cloud of 6101×  to 7101×  electrons is created by repeated strikes on 
the insides of the tube.  This electron cloud then travels to the anode to be processed 
electronically. The MCP stack in this particular detector consists of 2 MCPs in a chevron 
(V-stack) configuration, supported by a pair of partially nickel coated ceramic rings. 
There is a 6 mm diameter central hole to allow the electron beam from the electron gun to 
pass through. Each MCP has a thickness of 1.5 mm and a linear active diameter of about 
 29 
45 mm for the HEX40/o.  The length to diameter ratio (L/D) of the channels is 60:1. An 
external 1.4 – 1.6 kV bias potential is applied across the outside faces of each MCP using 
the partially metalized ceramic rings. The stack can be used in a UHV environment and 
can be baked up to 150 Co . 
         The delay-line anode, called the hexanode, contains three sets of two bare wires 
wrapped side-by-side but not touching around a supporting plate insulated with ceramic 
rods as seen in Figure 2.6, 3.2 and 3.10. Each set composes a detection layer oriented at a 
different 60o angle relative to the remaining layers. The two wires, in each layer, are 
transmission lines, one for signal detection and one for reference. A signal induced on 
this stacked delay-line anode will propagate in all six directions towards the lines ends 
where detection circuits capture the signal for processing. The time duration between 
signal arrivals at each end of a transmission line corresponds to a unique signal pick-up 
location on the line. By proper biasing one has to ensure that all the delay-lines receive 
their share from the charge cloud. A 20 to 40 V differential voltage exists across the 
signal wire relative to that across the reference wire. Consequently, most electrons are 
collected by the signal wire (Lecher cable). A fast floating amplifier amplifies the 
difference between these three signals. With this Lecher cable setup the loss of signal is 
minimized and the noise is well suppressed. The total signal transport time from one end 
to the other is in the range of 20 ns to 100 ns. 
       The anode used in this particular detector has a central hole of 6 mm diameter. By 
using a third helical anode layer it is possible to resolve the ambiguity for simultaneously 
arriving particles. This helps in reducing the dead area upon construction of a central 
hole. 
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       The front-end electronic circuit used is the DLATR8 Nim (Nuclear Instrumentation 
Module) that contains 8 independent channels of electronic timing determination circuits. 
It is optimized to be the interface between the detector and the TDC. This unit delivers 
Nim outputs with adjustable signal length reflecting the proper time sequence from the 
detector. It features an analog control output for the pre-amplified signals, adjustable 
thresholds to discriminate the electronic noise on the line. 
      The TDC (Time to Digital Converter) unit is an 8 channel data acquisition device 
with a 30 kHz acquisition rate, 500 ps least bit, 32 s range Nim signal input PCI card. 
This is coupled with a data acquisition software called CoboldPC for computerized 
control of the detector. 
       The following requirements are satisfied by this detector. The detector is capable of 
single particle detection. It has a high position resolution of less than 250 m. It also has 
the required detector size with a diameter of 45 mm. The determination of this size is 
explained in Sections 2.3.3 and 2.4. The detector has a timing resolution of about 10 ns. 
For the MCP/DLD the dead time or the time difference between two detectable particles 
striking within a 10 mm distance is 10 to 12 ns. For larger distances of separation, 
simultaneous strikes can be detected, therefore ensuring a dead time of 0 s. Hence for a 
40 mm diameter detector with a 6 mm central hole it would be able to detect about 3-5 
particles in 10 ns [56,57]. The threshold detection rate of this detector is about 8101×  
particles per second. When the detector detects multi-hit events their resolution is further 
determined by the electronics. Thus any particle striking within 500 ps of another is not 
detected. This is called the pulse-pair resolution. 
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2.3.3 Calculation of the Required Secondary Electron  
Detector Resolution 
      Based on the typical secondary electron energy range of 1eV to 20 eV, an estimate for 
the spatial resolution of the detector is determined. For simplicity in this first order 
calculation, all fringe effects due to the detector, with aperture opening, and the 
hemispherical niobium target are neglected.  Consequently, the hemispherical niobium 
target is assumed to be a sphere with radius R1. The niobium target will be the reference 
ground. Further, the detector configuration is assumed to be a spherical shell of radius R2 
at potential Vs. As shown in Figure 2.7, the two spherical components are concentric 
allowing for a high degree of symmetry. This symmetry is of importance so that the 
orientation and finite geometry of the detector does not influence the orbit trajectory of a 
particle launched from any one point on the niobium surface.   
      In practice, a spherical shell detector is expensive and difficult to build.  If the 
distance of separation between the detector and the niobium target is small compared to 
the finiteness of the two components, then the field distribution between the two elements 
will be only slightly perturbed compared to the practical geometric setup.  Further, if the 
particle experiencing these fields remains centrally located relative to the finiteness of 
these elements, the real and approximated particle orbit trajectories are only slightly 
perturbed. 
      Consider that a primary electron launched from an electron gun passes through a 
small hole in the detector and strikes the niobium target on the beam axis. The z-axis of a 
coordinate system with origin located at the concentric center of the spheres is oriented 
along the beam axis as shown in Figure 2.7.  
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       The secondary electron emitted from the niobium succumbs to the applied field 
between the spherical shells as dictated by the non-relativistic equation of motion 
))(( trEq
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vd
m
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=  
(2.12) 
 
where m is the mass of an electron [kg], q is the charge of an electron [C] and E is the 
applied vector electric field [Vm 1− ]. Due to the high degree of spherical symmetry 
between the concentric spheres, the electric field takes the form of  
r
tqr
K
trE ˆ)(
~
))(( 2=

 
(2.13) 
where K~  is a constant. Transforming to a spherical coordinate system, the position with 
respect to time is  
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With the aid of Equations 2.14 to 2.19 the rate of change of velocity with respect to time 
in a spherical coordinate system is 
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Letting mKK /~= , the equation of motion may be separated into component form as  
2222 /sin rKrrr =−− θφθ   (2.21) 
0cossin2 2 =−+ θθφθθ  rrr  (2.22) 
0sincos2sin2 =++ θφθφθθφ  rrr  (2.23) 
        
      A secondary electron emitted from the surface of the niobium target on the z-axis 
exhibits no azimuthal motion. Consequently, 
0== φφ   (2.24) 
The coordinate system was chosen to yield the charge dynamics in the simplest way. No 
matter how the coordinate system is chosen the particle trajectory must be the same. 
Based on Equation 2.24, the equations of motion simplify to  
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Rearranging Equation 2.26 as 
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where C~  is a constant of motion. This constant is determined from the energy 
conservation relation 
 
( ) ξ=+ rqVmv2
2
1
 
(2.28) 
 
where ξ  is the initial energy of the particle just after it is emitted from the niobium 
surface and v is the velocity in spherical coordinates given by  
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Using Equations 2.27 to 2.29, C~ can be expressed as 
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where vro is the initial radial velocity of the emitted electron. The term ( )rqV  has been 
omitted because at the point of electron emission ( ) 0=rV . With the aid of Equation 2.27, 
Equation 2.25, simplifies to 
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      Equation 2.31 states that as the charge moves radially outward, it continues to 
accelerate in radius as indicated by Equation 2.27. This motion is accompanied by a 
change in conical angle. The constants K and C~  are determined by the strength of the 
electrostatic field and the initial energy of the emitted secondary electrons. 
      The source voltage range is fixed by the limits of the detector, 10 ≤≤ SV kV.  Further, 
typical secondary electron energies lie within the range of 1eV and 50 eV.  There remain 
a large number of parameters to be considered. Consequently, Equation 2.31 is not in an 
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optimized form suitable for computation. Therefore, the following normalization is 
introduced: 2~Rrr = , sqV00
~ξξ = , 211 ~ RRR = , [ ] 212~ mqVvv sroro =  and ( )[ ] 212~ sqVmRtt =  
where 1R is the radius of the hemispherical niobium sample, 2R is the radius of the sphere 
of which the detector is a part, sV is  the front MCP voltage and roo vRr ~,
~
,
~
,
~
1ξ and t~ are the 
normalized: position, initial electron energy, sample radius, initial radial velocity and 
time respectively. The normalized Equations 2.31 and 2.27, with the associated constants 
given by Equations 2.13 and 2.30, are respectively, 
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       Figure 2.8 corresponds to the 1
~R  family of curves yielding the normalized radial 
position r~  of a charge at normalized time t~ for an initial normalized energy of 0.001 and 
zero initial motion along the z-axis. When 1~ =r , the electron has reached the surface of 
the detector.  Therefore, the intersection of the family of curves displayed with the 1~ =r  
line yields the normalized time it takes for the electron to reach the detector surface. It is 
observed that the time taken for an electron to reach the detector decreases as the detector 
diameter decreases, represented by an increase in the value of 1
~R . 
       The variation of the curves for various values of 0
~ξ  is not resolvable when plotted 
for the entire range of 1
~R values. To this end, variations due to initial energy are plotted 
for a fixed 1
~R  value. Figure 2.9 corresponds to the 0
~ξ  family of curves yielding the 
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normalized radial position r~  of a charge at normalized time t~ for an 1
~R of 0.166 and 
zero initial motion along the z-axis. It is seen that greater the initial energy the lesser the 
time taken to reach the detector. 
      Since the rate of change in the conical angle of the particle trajectory results in a 
decrease in the angle with time, the left hand side of Equation 2.33 is estimated as 
ttdd ~/~ θθ ∆−≈  (2.34) 
      The difference in the conical angle between any two different energetic electrons may 
be translated into normalized distance 2/
~ RDD ∆=∆ on the spherical detector between 
two electron impact points contained in an azimuthal plane as 
)(~ 12 θθ −=∆D  (2.35) 
where 1θ and 2θ  are the conical angles of the two impact points relative to the z-axis.  
Further, the normalized distance projected onto a flat screen normal to the the z-axis is 
( )121 tantancos~ θθθ −=∆ flatD  (2.36) 
      The normalized travel times, detector resolutions and detector size for varying 
detector-to-sample distances and initial electron energies is provided in Table 2.2. For 
each of the six detector-to-sample distances, data for two energies namely 1 eV 
( oξ~ =0.001) and 20 eV ( oξ~ =0.02) with a front MCP voltage, sV , of 1kV have been 
provided. These energies have been taken as the upper and lower limits for secondary 
electrons. 
       The normalized time for a 1 eV electron to impact the detector may be obtained from 
Table 2.2. For 0.166~1 =R , 0.19204 =t
~
 . For 20 eV electrons (from table 
2.1), 0.19180 =t~ . The normalized time interval, Tt~∆ , between the 1 eV and 20 eV 
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impacts is the difference between the times, 00024.0~ =∆ Tt . For a 0.091
~
1 =R , 
0021.0~ =∆ Tt  (from table).  For each eV increment in energy, the normalized time 
interval, pt
~∆ , is approximately constant over this energy spread. Therefore, 
/~~ Tp tt ∆=∆ 20.   
       The normalized time interval may be determined for any electron energy in this 
range. The normalized overall arc length dimension of the detector, DDT
~2~ ∆= , to collect 
secondary electrons with energies between 0 eV to some maximum value is determined 
using the computed normalized time and Equations 2.33 to 2.35 with 1~ =r , 1θ =0 and 
max2 θθ = .  
      Consequently, if all secondary electrons with energies between 0 eV and 20 eV are to 
be collected assuming a 0.5 cm radius sample, then, for 166.0~1 =R  and a detector radius 
of 3 cm, the arc length of the detector, D, is 2 mm. If it is desired to resolve the electron 
energy in integer increments of eV, then, the normalized time interval between a 1 eV 
and 2 eV electron is 000012.0~ =∆ pt , based on t
~
 for 166.0~1 =R . From Equation 2.33 and 
2.24, the conical angle for the 1 eV and 2 eV particles are =1θ 8.56 mrad and =2θ 12.1 
mrad. The resolution given by Equation 2.36 is 90 µm. All the above calculations were 
performed with the front MCP voltage at 1kV. This high value provides a reliable figure 
for the required resolution. In calculating the maximum size of the detector, the lowest 
possible front MCP voltage is used. Therefore, based on this heuristic theory, for a 
potential difference of 200 V, a 0.5 cm sample radius and a 3 cm detector radius of 
curvature, the overall required arc length of a curved detector is 5 mm and the resolution 
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200 µm. When projected onto a flat screen, the corresponding planar detector diameter 
and spatial resolution required were found to be approximately the same.  
 
2.4. Particle Tracking Simulations 
2.4.1. Introduction 
      Two types of particles (electrons) were tracked; primary electrons generated by the 
electron gun and the secondary electrons emitted from the niobium target. Studying the 
paths taken by these particles was necessary in determining the size of the secondary 
electron detector, the size of the central hole through the detector for the electron beam to 
pass through, the optimum distance between the niobium target and the detector, the 
position resolution of the detector and the uniformity of the primary electron beam as it 
passed through the detector. 
       The particle tracking simulations were performed using Field Precision Inc.’s 
Tricomp software, an advanced two-dimensional finite element electromagnetics 
software package. The three programs used in the simulations were Mesh, EStat and 
Track 6.0. Mesh generates the universal conformal mesh required for the finite element 
routines. The electrostatic fields are realized using EStat, a finite element electrostatics 
program. Track 6.0 tracks the charged-particle trajectory in a field geometry 
configuration. Typically, the tracking program is applied in beam optics, and  electron 
and ion gun studies. 
2.4.2. Tracking the Secondary Electrons
 
       Secondary electrons emitted from the niobium target are electrons of very low 
energy, typically less than 20 eV. The paths of these electrons were simulated by 
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providing a broad range of initial electron momentums and energies representative of true 
secondaries launched at the point where the primary beam strikes the surface of the 
target. Consider norp and tanp  to be the components of the initial secondary electron 
momentum normal to and tangential to the sample surface respectively. The angle that 
the secondary electron makes with the sample surface, ,θ is then given by 
tan
tan
p
pnor
=θ  (2.37) 
      Particle trajectory orbits were followed for initial angles of projection between 0o and 
180o in 4.5o increments. This corresponds to 41 particles being launched in each case. All 
angles are measured with respect to the plane tangent to the niobium surface at the point 
of primary electron beam impact. Typical secondary electron energies range form 1 eV to 
50 eV. Particle trajectories were examined for electron energies between 1 eV and 10 eV 
in increments of 0.1 eV and from 10 eV to 20 eV in increments of 1 eV. 
2.4.2.1. Preliminary Simulations 
       The first simulations of the secondary electron trajectories were performed by using 
a setup as shown in Figure 2.10. The detector had a diameter of 4.5 cm and a central hole 
of diameter 6 mm. The distance from the detector to the target was set at approximately 
5 cm. The studies were performed using 1 eV and 20 eV electrons which were produced 
when a primary electron struck the niobium target at both normal incidence and at an 
angular incidence to the surface of the niobium target.  
      The energies 1 eV and 20 eV represent the lowest and highest energies respectively 
that secondary electrons are known to possess. An electron striking the detector should 
have at least 200 eV to facilitate proper detection. Consequently, a potential greater than 
200 V was given to the front face of the outermost MCP plate. The potential difference 
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across a single MCP plate is approximately 1400-1500 V.  Thus, for a two MCP stack the           
back face of the innermost MCP should be about 2800 V more than the front face of the 
outer detector. The anode wires are approximately 200 V more than the back face voltage 
of the MCP stack. 
       The track of secondary electrons when primary electrons strike the niobium target 
normal to its surface show that for 1 eV electrons most of the secondary electrons spread 
out because of negligible influence of the 250V on the front MCP. Only about 30% hit 
the detector. For 20 eV electrons it was then seen that this number reduced to 25% 
because of their increased energies. 
       The spatial distribution of secondary electrons when the primary electron impacted 
the niobium surface at an angle to the normal was also expected to be studied 
experimentally. Thus such a set up was also used in the simulation of particle trajectories. 
This was achieved by moving the target along the horizontal axis by about 4 mm. This 
resulted in the primary beam impacting the surface at an angle of 060 to the normal to the 
surface of the sample. This angle is considered to be a worst case scenario and hence is 
used for all following simulations involving primary beam angular incidence. 
       The trajectories of secondary electrons for an angular incidence of primary electrons 
show that most of the 1 eV electrons had very little energy to make it to the detector and 
only 25% of them struck the detector. In the case of the 20 eV electrons too it was seen 
that the detector fields has very little influence on those 20 eV secondary electrons which 
were emitted with the largest deviation from the normal to the surface of the target. As a 
result they moved further away from the target than in the previous case. 
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       The simulations performed till this point had a distance of 5 cm between the detector 
and the target.  To study the effect of distance of separation on the spatial distribution of 
secondary electrons this distance was reduce to approximately 3 cm and all the previous 
simulations were repeated. 
        Using this separation the same electrons were tracked when primary electrons struck 
the niobium target normal to its surface. Since the distance is smaller almost all the 1 eV 
secondary electrons are captured by the field and drawn into the central hole. In the case 
of the 20 eV electrons too, almost 25 % pass through the hole totally avoiding the 
detector while only 50% are collected by it. 
      On comparing these two normal incidence cases with their counterparts which used 
the longer distance it was observed that, in the case of normal primary electron incidence, 
the closer the target was to the detector the greater was the possibility of the secondary 
electrons passing through the hole. This was due to the fact that at smaller distances the 
electrons were emitted at a region of higher fields and passed through the hole before it 
was able to spread out and hit the detector. 
       The spread due to the angular incidence of the primary beam at the reduced distance 
of 3 cm was studied next. The track of secondary electrons when primary electrons strike 
the niobium target at an angle to its surface shows that even though many electrons 
passed through the hole, more secondary electrons hit the detector than when the sample 
was 5 cm away. For the 1 eV and 20 eV case almost 70% and 25% are collected 
respectively. 
        On comparing these two cases of angular incidences with their counterparts which 
used the longer distance it was observed that, in the case of angular primary electron 
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incidence, the closer the detector to the target the greater was the possibility of the 
electrons hitting the detector. This was again due to the fact that at smaller distances the 
electrons were emitted at a region of higher field and even the outer most electrons were 
hence drawn to the detector.  
      From the studies on the distance between the detector and the target the following 
were noted. 
1) At normal incidence, bringing the target too close to the detector would result in most 
of the secondary electrons, particularly the ones with lower energies, passing through the 
central hole and avoiding the detector. 
2) At angular incidence, taking the target too far from the detector would result in most 
of the secondary electrons, particularly the ones with higher energies, avoiding the 
detector by going outside the area of the detector. 
      It was seen that at normal incidence at a distance of 5 cm from the detector the lowest 
energy secondary electrons form the target entirely avoided the detector by passing 
through the hole. At this same distance for angular incidence the highest energy 
secondary electrons form the target also entirely avoided the detector by going outside its 
area. Hence it was found that any increase or decrease in the detector-to-sample distance 
would make either the normal or the angular incidence situations get worse. It was thus 
concluded that a compromise fixed distance would not be possible for both the normal 
incidence and the angular incidence conditions.   
2.4.2.2. Simulations using a Grid 
      In order to avoid using two largely different detector-to-sample distances, for the 
normal and the angular incidence conditions, a grid was placed in front of the detector. 
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This grid was shown as mounted approximately 3 mm in front of the detector. This grid 
was used to create a field free region or a controlled field region between the grid and the 
target. This was expected to provide an uninfluenced or controlled motion for the 
secondary electrons until they reached the grid.  
      The following simulations were performed by incorporating the grid into the former 
setups. For these simulations the detector used had a diameter of 4 cm and a central hole 
of diameter 6 mm. The distance from the detector to the target was set at approximately 
3 cm because increasing the distance coupled with a field free region would result in the 
secondary electrons completely missing the detector. Further simulations showed that the 
optimal detector-to-target distance was approximately 3 cm. This was the distance at 
which maximum detector collection was shown for both 1 eV and 20 eV electrons, thus 
reducing the losses to the hole and the outside. The potentials on the detector followed 
the same pattern mentioned previously and the grid potential varied for different 
situations. 
      A positive grid potential was to be used during the experiments involving angular 
primary incidences. This positive potential would draw the higher energy electrons to the 
detector and prevent them from escaping beyond the range of the detector. For 
experiments involving normal primary incidence a near grounded grid was to be used. 
Such a grid would create a nearly field free region between the grid and the detector. 
Hence the secondary electrons would propagate uninfluenced till they reach the grid and 
result in many of them being collected by the detector instead of going through the hole.         
      Further tracking after incorporating the grid was performed for primary electrons 
striking the niobium target normal to its surface is shown in Figures 2.11.  
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        Figures 2.11(a) and 2.11(b) show electrons of energies 1 eV and 20 eV respectively. 
In both these cases, the grid was kept at ground potential while the front MCP was at 
300 V. Thus, the back MCP was at 3100 V and the anode was at 3300 V. 
       In the case of the 1 eV and 20 eV electrons the detector collected almost 50 % and 
30% of the secondary electrons. Considering the fact that most of the secondary electrons 
are emitted with lower energies, with a maximum emission at the 2.5 eV range, the total 
number of secondaries lost at the 20 eV range would be negligible. 
      Thus a distance of 3 cm between the gird and the target or 3.3 cm between the front 
MCP and the target was used for all simulations to follow. 
      Before studying the spatial distribution of the secondary electrons due to the angular 
incidence of the primary electrons at this distance of 3 cm, the primary electron beam 
particles form the electron gun were tracked and studied. 
2.4.3. Tracking the Primary Electrons 
      Primary electrons are those that are emitted from the electron gun. This electron beam 
from the electron gun has an energy range of about 50 eV to 2000 eV. The paths of these 
electrons were tracked by providing an initial momentum to a few electrons in one 
direction pointed away from the electron gun. This beam with a diameter of 1 mm was 
shown as originating from the electron gun, passing through the central hole in the 
detector arrangement and finally impacting the niobium target. This beam diameter is a 
worst case scenario considering that the electron gun was to be operated with a beam 
diameter as low as 5m.  
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 2.4.3.1. Preliminary Simulations 
      Preliminary studies were performed by sending the electron beam through the central 
hole of the detector and the grid. Figures 2.12 (a) and (b) show the track of a 100 eV and 
1000 eV primary electron beam respectively. 
      It was noted that in both the above cases, these low energy electrons were highly 
influenced by the high fields around the detector. This led to the disintegration of the 
beam and their eventual impacting on the high voltage anode tube. 
2.4.3.2. Simulations using a Tube around the  
Central Hole. 
      In order to avoid the negative effects of the detector fields an insulated drift tube was 
then inserted into the central hole of the detector. This tube had a outer diameter of 3 mm 
and an inner diameter of about 2 mm. Over this was an insulation layer formed of 
VESPEL for a thickness of 0.5 mm. The electron beam was then passed through this 
tube. This tube was placed at ground potential. The tube was present throughout the 
thickness of the detector and it ended alongside the MCP outer face. 
      Figures 2.13 (a) and (b) show the track of a 100 eV and 1000 eV primary electron 
beam respectively passing through a drift tube. 
      It was observed that when compared to the previous case (without the tube) the 
spread of the electron has been completely eliminated. The 100 eV beam was shown to 
have a diameter less than 1 mm at the target with an impact energy of 99 eV. The 
1000 eV beam was seen to travel straight down to the target without any spreading near 
the target. The energy of the beam at the target was measured to be 998 eV which showed 
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that most of the energy was conserved. From the above simulations it was determined 
that a tube was essential in preserving the focus of the primary electron beam. 
2.4.4. Tracking the Secondary Electrons 
(Incorporating the Tube through the Central Hole) 
      Incorporating the tube in the previous simulations of the secondary electrons the 
following trajectories were obtained. In these cases the entire distribution of the 
secondaries was mapped through an angle of 0180 . 
      The final track of secondary electrons for normally incident primary elecrons is 
shown in Figures 2.14. Figures 2.14(a) and 2.14(b) show secondary electrons of 1 eV and 
20 eV respectively. In both these cases, the grid and drift tube were kept at ground 
potential while the front MCP was at 300 V. Thus, the back MCP was at 3100 V and the 
anode was at 3300 V. 
       The final track of secondary electrons when primary electrons strike the niobium 
target at an angle to its surface is shown in Figures 2.15. Figures 2.15(a) and 2.15(b) 
show electrons of 1 eV and 20 eV energies respectively. In both the cases the tube was 
kept grounded but the grid was kept at a potential of 800 V and the first MCP 1000 V. 
The last MCP back side was 3800 V and the anode was 4000V. 
        From Figures 2.14 and 2.15 it is seen that, in all the cases, most of the secondary 
electrons were collected by the detector by varying the grid voltages. Table 2.3 
summarizes some of the findings of the simulation studies.  
      Table 2.3 shows some of the resolutions required for the detector. These were 
obtained from the simulations. The smallest resolution is determined from the smallest 
distance between two equal energy particles with a 4.5o difference in initial angle of 
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projection. The average resolution is determined by averaging the total number of strikes 
over the detector length. It was seen that a resolution of 250 m is sufficient of detecting 
secondary electrons in this setup. 
       The setup used in these final simulations was determined to be the most suitable for a 
near complete detection of the secondary electrons emitted from the niobium target. This 
setup was also found to be the best suited for the optimal performance of the primary 
electron beam from the electron gun. Hence, this was the final design that was to be used 
in the experimental setup and is shown in Figure 2.16. 
       It is to be noted that the final position of the secondary electrons are affected by the 
grid and they tend to strike the detector surface in clusters. It is observed in Figure 2.17 
that there are ten clusters on one side of the detector due to the ten grid openings in the 
radial direction. It can also be seen that the concentration of electrons impacting the 
detector is more near the edge of the detector central aperture due to edge effects. 
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Figure 2.1 Angular incidence of primary electron beam on the sample. 
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Figure 2.2 The configuration of an electron gun [50] 
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Figure 2.3 An electron near the surface of a conducting material. 
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Figure 2.4 An equivalent diagram of Figure 2.8 (using image theory) 
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Figure 2.5 Construction and operation of a micro-channel plate [58] 
 
 
 
 
Figure 2.6 Top and side view of the hexanode delay line detector [57] 
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Figure 2.7 Arrangement of the hemispherical niobium target and the spherical shell 
detector. 
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Figure 2.8 Displays the normalized radial position of the particle r~  with respect to the 
normalized time t~  when the initial motion along the z-axis is zero for various 1
~R  when 
.001.0~0 =ξ  
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Figure 2.9 Displays the normalized radial position of the particle r~  with respect to the 
normalized time t~  when the initial motion along the z-axis is zero for various E when 
1
~R = 0.166. 
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Figure 2.10 Experimental setup for preliminary simulations using the Mesh program. 
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          (a)                 (b) 
Figure 2.11 Track of secondary electrons, due to normal incidence of the primary 
electron beam, the distance from the detector to target being 3 cm. (grid included) (a) 
Secondary electron energy of 1 eV (b) Secondary electrons energy of 20 eV 
  
           (a)                (b) 
Figure 2.12 Track of primary electrons from the electron gun, with (a) an energy of100 
eV and (b) an energy of 1000 eV. 
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   (a)                      (b) 
Figure 2.13 Track of primary electrons from the electron gun, with (a) an energy of100 
eV and (b) an energy of 1000 eV. 
 
 
   (a)      (b) 
Figure 2.14 Track of secondary electrons, due to normal incidence of the primary 
electron beam, the distance from the detector to target being 3 cm. (grid and tube 
included) (a) Secondary electron energy of 1 eV (b) Secondary electrons energy of 20 eV 
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   (a)      (b) 
Figure 2.15 Track of secondary electrons, due to angular incidence of the primary 
electron beam, the distance from the detector to target being 3 cm. (grid and tube 
included) (a) Secondary electron energy of 1 eV (b) Secondary electrons energy of 20 eV 
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Figure 2.16 The final experimental setup using the Mesh program 
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Figure 2.17 Blown up region of the detector shows the effect of the grid on the secondary 
electrons resulting in their grouping. 
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TABLES 
Table 2.1 Secondary electron emission data for surface treated niobium. 
 
 
First Crossover 
Energy ( opIE ) 
Maximum Yield 
Energy ( opmE ) 
Second 
Crossover 
Energy ( opIIE ) 
Maximum SE 
Yield( mδ ) 
Pure Nb [30] 150 375 1050 1.2 
Pure Nb [33] 27.6 250 - 2.29 
Nb after 
200oC 
Bakeout [33] 
37.8 300 1900 1.67 
Nb after 
Argon glow 
discharge 
[33] 
115 300 980 1.25 
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Table 2.2 Resolution and overall detector dimension based on initial motion 
perpendicular to the primary electron beam axis from Section 2.3.3. 
 
1
~R  oξ~  t~  .)(mradθ  flatD~  
0.333 0.001 0.14497 6.48 0.00065 
 0.02 0.14457 28.9 0.029 
0.2 0.001 0.17748 7.94 0.0079 
 0.02 0.17673 35.3 0.035 
0.166 0.001        0.19204 8.56         0.0085 
 0.02        0.19180 38.36 0.038 
0.143 0.001 0.20481 9.15 0.0091 
 0.02 0.20369 40.7 0.041 
0.111 0.001  0.22920  10.25 0.010 
 0.02 0.22757 45.55 0.046 
0.091 0.001 0.25082 11.22 0.011 
 0.02 0.24873 49.77 0.050 
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Table 2.3 Simulation outcome for detector size, detector resolution and experimental 
setup leading to a final experimental design. 
 
Angle of 
Incide-
nce 
Grid 
Voltage 
[V] 
Second- 
ary 
Electron 
Energy 
[eV] 
Initial Angle 
of Projection 
Electrons 
Collected 
maxmin θθθ ≤≤
 
Initial Angle 
of Projection 
Electrons 
Lost to 
Aperture 
maxmin θθθ ≤≤
 
Initial Angle 
of Projection 
Electrons 
Lost Due to 
Detector 
Size 
maxmin θθθ ≤≤
 
*Smallest / 
Average 
Detector 
Resolution 
[m]  
Normal 25 1 0o-750 and 
105o -1800 
75o-105o none ~50/ 700 
Normal 25 2 0o-750 and 
105o -1800 
75o-105o none ~200/1100 
Normal 25 20 35o-80o and 
100o-145o 
80o-100o 0o-35o and 
145o -180o 
1700/2200 
Oblique  800 1 0o-1800 none none 50/200 
Oblique 800 2 0o-1650 165o-180o none 100/300 
Oblique 800 20 55o-140o and 
170o-180o 
140o-170o 0o-55o 600/1100 
 
 
 
 
 
 
 `
 
 
 63 
 
 
 
CHAPTER 3 
 
EXPERIMENTAL SETUP 
3.1 Introduction 
       The experimental setup involves replicating the environment of the superconducting, 
RF accelerator, niobium cavities. This requires a vacuum chamber capable of maintaining 
a pressure of 10-9 Torr. To reach the superconducting state of niobium, a sample 
temperature of 9.25 oK must be maintained. The secondary electrons are initiated by an 
interrogating primary electron beam with energies between 50 eV and 2000 eV. With the 
aid of a static field, a charged particle position detector captures the true secondary 
electrons with any initial momentum direction cosines. Assuming the primary electrons 
exhibit a specular reflection, most of the elastically reflected and inelasticially 
backscattered electrons exist in an energy dependent acceptance angle for detection. The 
energy acceptance angle is defined as the solid angle of initial momentum direction 
cosines relative to the normal of the surface at the point of emission which, to a good 
approximation in many cases, is the point of primary beam impact with the target. The 
energy dependence of the acceptance angle is a consequence of the detector’s ability to 
compromise the secondary electron’s lateral inertia (escape energy) allowing for capture 
and detection. 
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3.2 Experimental Description 
       Secondary electron emission is generated and detected by an electron gun - detector - 
cryostat sample holder assembly within an ultra high vacuum (UHV) chamber. The setup 
also includes vacuum accessories, diagnostics and electronics, and peripherals. 
3.2.1 Major Components 
      The arrangement of the electron gun with respect to the detector is shown in Figure 
3.1. The detector is suspended, with the MCP facing downwards, on a flange, on the top 
of the chamber. The electron gun is inserted into a smaller flange which is centered on 
the larger detector flange. The gun protrudes into the chamber and a custom made drift 
tube in the detector is inserted into the opening at the tip of the gun, thus providing an 
uninterrupted path for the primary electrons from the gun. The third major component, 
the cryostat, is used to support the niobium sample using the force of gravity and to cool 
the sample to cryogenic temperatures thus enabling the niobium to be in a 
superconducting state. The cryostat, along with its heat shield, is inserted into the 
chamber from the bottom flange and mounted on a rotary platform and an up-down linear 
manipulator as shown in Figure 3.1. The axis of the gun, drift tube, detector with grid 
assembly is concentrically oriented with the chamber axis.  The axis of the cryostat is 
shifted about 2 mm from the chamber axis or equivalently the primary beam axis.  Figure 
3.2 shows the setup of the secondary electron detector, the electron gun, the cryostat and 
the manipulator arm through an open port in the vacuum chamber. The electron gun and 
the electron detector are obtained from Staib Instruments Inc. and RoentDek Handels 
GmbH. respectively. 
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3.2.2 Vacuum Accessories 
      A diaphragm pump / turbo-molecular pump combo, the Mini-Task from Varian 
Vacuum Technologies, Inc., roughs the UHV system down to 50 mTorr. The diaphragm 
pump automatically engages the turbo-molecular pump at about 10 Torr. A cryogenic 
pump, the Cryo-Torr 8F from CTI Cryogenics / Helix Technology Corporation., is used 
as the high vacuum pump. Section 3.3.1 provides a start-up procedure for using the 
pumps with expected partial pressures presented over time in a Nevada environment. A 
second diaphragm pump, the MD 4 from Pfeiffer Vacuum Technology, Inc., acts as a 
differential pump for the cryostat rotary table. Figure 3.11 shows the block diagram of the 
vacuum system. Appendix I gives brief details on the operation of a typical cryogenic 
pump and a turbo-molecular pump. 
      A total of two series 275 convection gauges, and a series 274 Bayard-Alpert type 
nude ionization gauge, along with a Series 307 vacuum gauge controller (VGC), all from 
Granville-Phillips / Helix Technology Corporation, are used to detect and display the 
various pressures at different regions in the vacuum chamber. The VGC is shown in 
Figure 3.3. 
3.2.3 Diagnostics and Electronics 
      The residual gas analyzer (RGA), shown in Figures 3.1 and 3.4, detects and identifies 
gasses present in the vacuum chamber. It is employed to detect the partial pressure of any 
element or compound in a gaseous state within the vacuum chamber. The RGA used is 
the Dycor LC Series Residual Gas Analyzer with controller form Ametek Process 
Instruments, Inc. Appendix II gives brief details on the construction and operation of an 
RGA. 
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      A single wire, small, Faraday cup, from Structure Probe, Inc, is mounted on the top 
surface of a manipulator arm, shown in Figure 3.5, and can be moved to coincide with the 
electron beam from the electron gun. This method enabled the measurement of the 
primary beam current just before it reaches the sample. The detected current is measured 
and displayed using a 6517A electrometer / high resistance meter from Keithley 
Instruments Inc. The top surface of the Faraday cup also incorporates a glass disk coated 
with ZnS phosphor material on one side, in order to determine the location and size of the 
primary electron beam. The reverse side is coated with aluminum for charge dissipation. 
Phosphor Solutions Inc. manufactures this phosphorescent disk. 
      The temperature of the cryostat is measured using two silicon diodes. The first diode, 
a DT 670 CY silicon diode, is mounted on to the side of the coldest stage with a screw 
and the second one, a DT 670 SD silicone diode, is taped onto the top of the coldest 
stage, adjacent to the sample with Type 425 Scotch brand aluminum foil tape from 3M 
Corporation. Both the DT 670 CY and the DT 670 SD diodes have a temperature range 
of 1.4oK to 500oK. The Model 211 digital temperature monitor loaded with calibration 
data specific for each diode monitors the temperature measurement and is shown in 
Figure 3.6. Lakeshore Cryotronics, Inc. manufactures the diodes and temperature 
monitors. 
      The electron gun controller, from Staib Instruments Inc., displays and controls the 
filament current, beam current and beam energy of the EK-5-M5 electron gun while 
allowing for various methods of beam deflection. It is accompanied with a fast pulse 
generator to operate the beam in the pulsed mode and a computer control/beam deflection 
unit. Each controlling unit is displayed in Figure 3.7. 
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     The electronics monitoring and controlling the charged particle position detector 
consists of the DLA-TR8 differential amplifier from RoentDek Handels GmbH. The 
amplifier, shown in Figure 3.6, contains eight channels capable of controlling all the 
signals into and out of the detector. It delivers analog outputs of the amplified signal for 
monitoring and NIM (digital) signals to be analyzed by computers. Detector power 
supplies and PC acquisition cards are discussed in section 3.2.4. 
3.2.4 Peripherals 
      In part, Transfer Engineering and Manufacturing, Inc. custom designed and built a 
manipulator arm with a head on a miniax translator manipulator from Thermo Vacuum 
Generators Inc.  Figure 3.5 shows the top and bottom view of the components on the 
manipulator head. The manipulator head is capable of linear motions in the x, y and z 
axes by making use of an extension bellows. It has the capability of moving the niobium 
sample, once positioned on the cryostat, and also supports the Faraday cup. Further, the 
head houses both a variable intensity 20W halogen lamp for desorbing water adsorbed on 
the surface of the niobium and a high voltage electrode coupled with an argon gas inlet 
for plasma glow discharge sputter cleaning of the sample. A second linear manipulator 
with bellows, shown in Figure 3.8, is used to move the cryostat in the vertical direction in 
order to vary the sample to detector distance. The RP 100H rotating platform from 
Thermo Vacuum Generators Inc, is capable of rotating the cryostat about its vertical axis 
over 360o. This table, shown in Figure 3.8, uses rubber O-rings to facilitate such an action 
and hence has to be differentially pumped by a diaphragm pump.  
      The RGA is interfaced with a computer and analysis is performed by the DyLink32 
Software. The temperature monitors for both diodes on the cryostat are interfaced with a 
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computer which facilitates automated data collection of temperatures while cool down 
and warm up. Simultaneous acquisitions are possible and these values can be further 
compared with the RGA outgassing data. The electron gun has a computer control option 
capable of performing all operations conducted in the manual mode. The secondary 
electron detector sends NIM (digital) signals from the amplifier channels to a TDC8PCI2 
interface card in the computer which then uses the Cobold PC software program to 
acquire, analyze and display the data in various formats. 
      The analog outputs from the detector amplifier channels are monitored using a 
Tektronix TDS 680D digital oscilloscope. The input pulsing signal to the gun and the 
pulsed signal from the electrometer connected to the Faraday cup are also monitored 
using a Tektronix 2445 oscilloscope. Figures 3.6 and 3.7 show both the oscilloscopes 
used. 
      High voltage supplies, shown in Figures 3.3, 3.7 and 3.9, are used for three different 
systems of the SEE test stand: the electron gun, the particle position detector and the 
sputter cleaning electrode. An electron source power supply from Staib Instruments Inc. 
drives the electron gun to accelerate the electrons from the cathode to the anode. The 
detector requires five high voltage supplies with voltages ranging between 100 V and 
4000 V. The voltage supplies set the potentials for the controlling grid mesh, MCP front 
face, the MCP back face, the anode plate and the anode wires. The grid mesh is powered 
by is the model 248 high voltage supply from Keithley Instruments Inc. The remaining 
four components are driven by four separate (one each) independent power modules in a 
single unit, the BIASET2 from RoentDek Handels GmbH. When driving the front and 
back sides of the MCPs with the original independent power modules, they were coupled. 
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A UNLV designed and built active isolation circuit was incorporated as described in 
section 3.10.1. Finally a 0 V-10 kV source from Glassman High Voltage, Inc. energizes 
the plasma glow discharge sputter cleaning electrode on the linear manipulator arm. 
      The system includes two gas inlet connections by means of UHV valves. One inlet is 
used to vent the vacuum system with dry nitrogen to minimize contamination by water. 
The second inlet is associated with the sputter cleaning system. Argon is leaked into the 
chamber near the sample. A large potential difference is applied between the electrode on 
the manipulator arm and the sample resulting in a plasma glow discharge which sputter 
cleans the sample surface.  
      A crane with a pulley mechanism to hoist the top flange of the vacuum chamber 
exists as shown in Figure 3.10. The electron gun and the secondary electron detector are 
suspended from this top flange. Any extensive alteration or repair would necessitate the 
lifting of this flange, with the detector/gun assembly, for easy access to delicate parts. 
 
3.3 Initial Startup Procedure Details 
3.3.1 Evacuating the Vacuum System 
      Figure 3.11 shows the block diagram of the vacuum system and Figure 3.4 shows 
most of the major components of the test stand. When starting from atmospheric 
pressure, the cryogenic pump cannot be turned on. The following procedure primes the 
system for evacuation by a UHV pump. The nitrogen vent valve and the argon inlet valve 
are tightly closed. The roughing valve is kept in the open position and the roughing pump 
is used to pump the entire system down to a pressure of about 50 mTorr. This procedure 
takes about 60 to 90 minutes. In order to ascertain that a stable low pressure has been 
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achieved to turn on the high vacuum pump, the roughing valve is closed and the pressure 
in the high vacuum side is noted by means of the high vacuum side convection gauge. If 
the pressure increases by more than 10 mTorr in 60 seconds the roughing valve is opened 
and the above roughing procedure is repeated until the pressure variation limit is 
achieved. The helium pressure in the cryogenic pump compressor is noted. In the off 
condition, it should read around 245 to 255 psig. If the pressure is lower than this value, 
ultra pure helium has to be added to the compressor [59]. Upon attaining the vacuum 
levels in the chamber and checking the helium pressure, the roughing valve is closed and 
the cryogenic pump is turned on. Once the reading of the convection gauge stabilizes at 
5x10-4 Torr the ion gauge may be turned on. This is the pressure readout limit of the 
convection gauge and further readings should be made on the ion gauge. The cryogenic 
pump attains a pressure of 1x10-7 Torr in about 60 to 90 minutes corresponding to a pump 
temperature of about 20 oK. The base pressure achieved in this system by using the 
cryogenic pump is about 8x10-9 Torr at a temperature of about 10 oK. The roughing pump 
may be turned off once the roughing valve is closed. The RGA may be turned on at 
pressures below 5x10-5 Torr and the electron detector and electron gun below 
5x10-7 Torr. Figure 3.12 shows the change in partial pressures for common gasses over 
time during cryogenic pumping starting at 1x10-5 Torr up to 1x10-7 Torr. Below 1x10-7 
Torr, the partial pressures change very slowly in a linear fashion over time and no abrupt 
changes can be seen on the RGA. 
       A diaphragm pump used as a differential pumping mechanism for the rotary table is 
turned on, while the cryogenic pump is being used, in order to reduce leakage in the 
rotary table by producing an intermediate pressure around its viton gaskets. This reduces 
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the pressure to around 1x10-9 Torr. Any effect of turning on this differential pump was 
noticed only when the pressure in the system was below 5x10-8 Torr. Turning on the 
cryostat would lead to further cryocondensation on the cryostat surface there by further 
reducing the pressure to about 5X10-10 Torr. The cryostat is preferably turned on when 
the chamber pressure is below 1x10-8 Torr, in order to prevent excessive adsorption of 
water on its surfaces. This is the lowest pressure achieved in this vacuum system. From 
this point on all valves should remain closed. 
3.3.2 Initial Startup of Instruments in Vacuum 
       When turning the electron detector on for the first time after an air exposure, the 
voltages on the front MCP, back MCP, anode holder and anode wires must be slowly 
ramped at a constant rate not greater than 100 V every 10 minutes [60]. Future startups 
from an evacuated condition do not require this slow rate of increase in voltage. This rate 
is then limited by the MCP operational precautions which require that the voltages on the 
MCPs are raised in 100 V increments every 60 seconds. 
      The electron gun requires a step-by-step procedure in incrementing in the filament 
current upon first startup after an air exposure to degas the filament [49]. The energy is 
set to 0 eV and the filament current is increased as follows. It is first increased to 1 A and 
then after an interval of 30 seconds it is further increased to 1.2 A. After one minute the 
current is again ramped up to 1.4 A and set constant for 10 minutes, after which it is 
raised to 1.5 A. After five minutes at 1.5 A it is finally incremented to 1.6 A and a five 
minute window is provided before the energy is raised. The energy is progressively 
increased to 5000 V over a one minute period. Upon using the gun in UHV, future 
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increments in current do not have to follow the startup procedure and may be 
incremented to 1.6 A in about one minute. 
       The ion gauge, after being turned on at around 1x10-4 Torr, has to be degassed once 
for about 60 seconds. Another round of degassing may be performed upon attaining a 
pressure of about 1x10-8 Torr. This helps in removing absorbed gasses on the gauge 
filament and provides a accurate pressure reading. Similarly upon being turned on, the 
RGA too has to be degassed for about 60 seconds [63]. 
3.3.3 Venting the Vacuum System 
       The RGA, electron gun, electron detector, and ion gauge are turned off. The 
differential pump and the cryogenic pump are then shut down and the increase in 
temperature in the cryogenic pump is monitored. The roughing valve is to remain closed. 
After about 5 hours the temperature reaches 300 oK and the pressure is about 1x10-1 Torr. 
The system is now vented with nitrogen, by opening the vent valve, until the relief valve 
on the cryogenic pump blows opens at around 800 Torr. The vent valve is closed off and 
the roughing valve is opened. The turbo molecular pump is now turned on and the system 
is evacuated to about 200 Torr. This procedure of venting and evacuating is repeated 
once more. Finally the system is vented with more nitrogen up to 800 Torr and the vent 
valve is closed. The roughing valve may also be closed. One of the flanges may now be 
opened to expose the system to the outside environment. This procedure of venting with 
inert nitrogen limits the initial exposure of the insides of the vacuum chamber to the 
humid air outside. 
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3.4 The Niobium Sample 
3.4.1 Design and Alignment 
      With the aid of gravity a thin layer of conductive grease at cryogenic temperatures 
interfaces and holds in place the niobium test sample on the cold head of the cryostat. 
The cryostat is fixed onto the bottom most flange on the vacuum chamber with a rotary 
table as shown in Figure 3.1. As shown in Figures 3.1 and 3.13, the axis of the cryostat is 
intentionally shifted by 2 mm to one side of the electron gun axis (chamber axis). Figure 
3.5 shows the 1 cm diameter 0.5 cm tall niobium sample, which is machined to have of 
four beveled surfaces of angles 45o, 60o, 75o and 90o to the beam axis allowing for four 
different angles of primary electron incidence. The diameter of the top surface is 1.5 mm. 
The surface width of the 75o bevel is 1.25 mm while the widths of the 45o and 60o bevels 
are 1.5 mm each. This sample is placed on the cryostat centralized on the primary 
electron beam axis and not on the cryostat axis as shown in Figures 3.1 and 3.13. 
Consequently, when the cryostat is rotated about its axis the primary electron beam traces 
a circular path on the sample with the cryostat axis as its center as shown in the top view 
of Figure 3.13. The electron beam can impact each inclined surface on the sample. This 
permits angular incidence studies of the primary electron without an lateral motion of the 
sample in situ. The need to make physical contact and to compromise the vacuum 
environment while repositioning the sample for angular studies has been eliminated. 
3.4.2 Surface Treatments and Storage 
      A total of eight beveled samples and two flat samples have been surface treated at 
LANL and Cornell University. Of the eight beveled samples, six underwent buffered 
chemical polishing (BCP) at LANL. A fresh mix of BCP, in a 1:1:2 ratio of hydrofluoric 
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acid, nitric acid and phosphoric acid, was used to polish the samples. The samples had a 
starting diameter of 0.3902”. After 5 2
1 minutes of treatment at a temperature of 8oC to 
10oC, a 98 micron surface material removal resulted in a 0.195” sample diameter 
reduction. The samples were left in de-ionized water overnight and then high pressure 
rinsed with de-ionized water in a class 100 clean room. The curved side of each peace 
was sprayed for two minutes with a pump pressure of 1000-1500 psi. The other two 
beveled samples were electropolished at Cornell University with a surface removal of no 
less than 125 microns everywhere except inside the grooves. Of the two flat samples, one 
was buffered chemically polished to 152 microns at LANL and the other was electro-
polished to 152 microns at Cornell University. The surface treated samples are stored in 
an environment of dry nitrogen by making use of a nitrogen desiccator box from Terra 
Universal Inc. 
3.4.3 Cleaning Procedure 
      The linear x-y-z manipulator has two sample cleaning mechanisms built into it. They 
include a plasma glow discharge sputter cleaning mechanism on the manipulator head. 
This consists of positioning a high voltage electrode over the grounded sample where 
argon is locally leaked in the electrode-sample region using a fine UHV leak valve. 
Plasma is created due to the ionization of argon gas molecules. The plasma induces the 
movement of ions towards the cathode, which is the sample. These striking ions sputter 
clean the surface of the sample by knocking off adsorbed contaminant molecules. This 
sputtering process works well in removing molecules of carbon and nitrogen. Argon is 
used because of its inert nature and because it has the largest atomic size among all gases, 
thereby improving the sputtering efficiency. Further, a 20 W halogen lamp, which when 
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positioned close to the sample helps in desorbing the large quantities of water adsorbed 
on the surface of the superconducting niobium. This procedure is crucial because water is 
a major surface contaminant at cryogenic temperatures [40,41].  
      In order to provide minimum time for readsorption of water, thermal heating is 
performed after sputter cleaning and just before the experiment. The RGA is used to 
monitor desorption of gasses during the cleaning procedures. Both these procedures are 
performed until the desorpotion curves for their respective gasses begin to level off 
indicating the peak of the cleaning efficiency. These procedures act as a standard for 
cleaning all the niobium samples. 
3.4.4 Sample Adhesion 
      The sample has to be adhered onto the top surface of the cryostat temporarily while 
providing good thermal conductivity. This was done either by using a shim of indium or 
some special greases. Indium is highly malleable and provided a reasonable performance. 
Among the greases used was Apezon N grease from the Indium Corporation of America 
and TP-832 grease from US Inc. Both the greases showed a similar thermal conductivity 
to indium. 
3.4.5 Sample Alignment Procedure 
       The niobium sample is placed on the cryostat head by hand slightly off center 
towards the electron beam/chamber axis. The chamber is evacuated to about 5x10 9−  Torr. 
At this point the manipulator arm is positioned over the sample and the Faraday cup with 
the attached phosphorescent screen is used to find the beam. A suitable electron beam 
width is tuned by the gun and measured with a long range microscope with reticle form 
Edmond Industrial Optics, Inc. The beam is then position in the center of the cup. 
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Micrometer readings for all three axes are noted on the manipulator scales. The electron 
beam is then turned off and the manipulator positioning ring is then placed around the 
sample under test and moved to the final position. This final position is determined by 
shifting the arm over a distance equal to the difference between the micrometer reading 
along the manipulator axis and the known distance between the faraday cup center and 
the positioning hole. The amount of slippage in the micrometers is negligible. To prevent 
contaminating the surface of the test piece, no pressure is applied to the repositioned 
piece. Fine positioning of the piece will occur once the electron beam impacts the top 
surface of the sample assuming a spectral scattering of the beam. 
      For fine positioning of the sample, the electron beam, expected to be at normal 
incidence to the sample surface, is directed towards the test piece. The rotary table 
micrometer measurement is noted. If the secondary electron emission pattern is not as 
expected, then the rotary table is turned and the electron emission is monitored for 
significant changes in beam scattering. If the required spatial spectrum is not observed on 
the detector the sample is repositioned using the manipulator and rechecked. Each of 
these fine positioning shots is conducted on a few spots on the sample which are 
recorded. These spots are not used upon experimentation so as to prevent sample surface 
conditioning by placing virgin niobium surface in front of the primary electron beam. 
 
3.5 The Cryogenic System 
3.5.1 Cryostat Modification  
      In order for the niobium to achieve superconducting state, the cryostat has to cool 
down to a temperature of at least 9.25 oK. The cryostat used is a modified Cryo-Torr 8F 
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cryogenic pump from CTI Cryogenics / Helix Technology Corporation. The modification 
was performed by CTI Cryogenics, specifically for this experiment, by detaching the 
80 oK condensing array, the 15 oK sorption array and the 80 oK radiation shield from the 
cold head body of the cryogenic pump. The cold head once removed from its vacuum 
vessel had certain enhancements made in order to lower the minimum achievable 
temperature to 9 oK. The helium compressor used to drive this pump is a large 8510 
water cooled compressor from CTI Cryogenics / Helix Technology Corporation, 
combined with a M150 recirculating water chiller from Thermo Neslab. A heat shield 
was built of OFHC copper and incorporated into the design to reduce radiation heat 
incident from the chamber wall. This shield is attached to the low temperature stage of 
the cryostat, and is thus maintained at a temperature of approximately 70 oK.  
3.5.2 Cryostat Initiation Procedure 
      The cryostat is turned on only after the cryogenic pump is running and the pressure is 
about 10-7 Torr. It is always better to start the cryostat from as low a pressure as possible. 
This would reduce the cool down time and also minimize the adsorption of gases on the 
sample. The cryostat takes about 60 minutes to cool down to 25oK. From there on the 
temperature falls down slowly and ultimately reaches a temperature fluctuating between 
8.1oK and 9.5 oK, as indicated by the diode on the side of the cryostat. Alongside the fall 
in temperature, a slight fall in pressure is also seen indicating that gases get cryo-
condenced on the surfaces of the cryostat. The cryostat should be turned off before the 
cryopump is turned off for system venting. Appendix III shows the decrease in 
temperature over time for both diodes.  
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3.5.3 Temperature Sensor Mounting 
      In order to maintain the diode at similar condition as that encountered by the niobium 
sample, the same material is used to ensure proper thermal conductivity between the 
cryostat and the diode and the cryostat and the sample. This material had to be a liquid at 
room temperature so that the sample could be moved to a different position during the 
course of the experiment. Also it should be a very good thermal conductor at cryogenic 
temperatures. The first material used is a eutectic alloy of 75.5 % gallium and 24.5 % 
indium called Indalloy 60 from the Indium Corporation of America. Upon using this 
alloy with the diode, it was observed that the diode failed to record temperatures below 
220 oK, even though the cryostat was much colder (as indicated by the sudden drop in 
chamber pressure). When the same diode with indium sheet is secured to the cryostat 
head with aluminum tape, diode temperatures of 15 oK were measured. This appears to 
imply that below a certain temperature the In-Ga alloy acts as a thermal conductor. Since 
In-Ga could not be used, the first diode was tightly mounted on the side (it was the only 
place to screw the diode on to the cryostat) of the cryostat cold head using normal 
mounting procedures with Apezon N grease and an indium sheet. The second diode and 
the sample were mounted on the top of the cold head using Apezon N grease in order to 
facilitate movement of the sample during the experiment. The grease allowed the diode to 
read a temperature of 17 oK. The diode on the side showed a minimum value fluctuating 
between 8.1 oK and 9.4 oK. Using Indium and it was again determined that the cryostat 
was at a lower temperature. Hence another grease TP-832, from US Inc., was used for the 
diode on the top of the cryostat and the temperature dropped slightly below 17 oK. 
Current and past sample positioning procedures employ no force to compress the sample 
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on the cryostat head as mentioned in Section 3.4.5. Thermal contact is somewhat assured 
by the excess grease on the surface of the cryostat in the near vicinity of the sample. The 
temperature diode on the surface of the cryostat head is taped onto the head with no firm 
pressure exerted on the diode. This should yield a relatively close temperature reading of 
the sample. 
 
3.6 Secondary Electron Detector 
3.6.1 Handling, Storage and Operation Precautions 
      Extreme care must be taken when handling and storing the micro-channel plates of 
the detector, because humidity decreases their detection efficiency and reduces their 
usable life substantially. Dessicator cabinets which utilize silica gel or other solid 
dessicants to remove moisture must not be used to store MCPs. The most effective long 
term storage environment is an oil free vacuum, preferably lower than 10-6 Torr. For short 
term storage a nitrogen or argon dry box can also be used. 
      The MCP was assembled onto the detector in a class 100 laminar flow workstation 
and stored in the dry nitrogen dessicator box until transferred to the UHV chamber. Care 
was taken to ensure that no physical object came in contact with the active area of the 
wafer, and air exposure was reduced to a minimum. Voltages must not be applied to the 
device if the environment pressure is greater than 10-5 Torr. Voltages must be 
incremented in 100 V steps and the voltage across a single MCP must not exceed 1300 V. 
3.6.2 Assembly Procedure 
     As shown in Figures 3.1 and 3.10, the detector is suspended on a 10” con-flat flange 
which acts as the top most flange of the chamber, by means of four M3 size rods each 7” 
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long. It is suspended in such a way that the MCP plates point downwards, in order to 
receive secondary electrons traveling up from the sample. Attaching the detector on the 
top flange is possible only by removing this flange and suspending it. Due to the 
considerable weight of the flange and safety concerns regarding the detector, a crane with 
a pulley mechanism suspended from the roof was employed to lift the flange, guided by 
guiding rods, and hold it in place. The MCP was assembled [60] and a grid mesh was 
fixed in front of the front face of the MCP. The grid had a thickness of 75 microns and 
width of 200 microns with each opening having an area of about 1 mm 2. This indicates 
that the grid mesh provides roughly 72% transmission. This MCP stack with the grid was 
then attached onto the anode holder, containing the resistive anode, using an attachment 
mechanism on the holder [60]. The grid mesh, the MCPs, and the resistive anode were 
provided with a central hole for a drift tube to enable the primary electron beam from the 
electron gun to pass through the detector onto the sample. Once the detector was mounted 
on the flange using the rods, the electrical connections were performed. These included 6 
signal and six reference wires, carrying signal information for amplification and 
processing, from the three layers of the resistive anode detector grid. These signals were 
brought out of the chamber through a 12 pin electrical feed-through on a 2.75” flange. 
The high voltage supplies for the MCP front, MCP back, anode and the grid mesh were 
connected to the detector using copper wires from 4 SHV feed-through on a 2.75” flange. 
Both these feed-through flanges are fixed on the large 10” top flange. Upon completing 
the gun assembly, the entire suspended flange system is lowed into position in the 
vacuum chamber using the crane. 
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3.6.3 Adjustment Capabilities 
      The detector’s MCP plates were made as level as possible when compared to the 
cryostat surface. Since the drift tube, shown in Figure 3.2, passes through the detector, 
leveling the detector indirectly adjusts the tube’s vertical position allowing for an 
uninterrupted path for the primary electrons. The detector is leveled by using the eight 
nuts holding it onto the four M3 rods. Once suspended in the vacuum chamber the 
detector leaves a 3” clearing between itself and the walls of the chamber which can be 
used to access the nuts. The detector suspends 1.2” above the cryostat surface. The entire 
height of the detector setup from the base of the suspension flange is 7.5”. 
3.6.4 Typical Potentials 
      The threshold level for the MCPs to detect electrons is around 300 V. The front MCP 
is thus held at 300 V with respect to chamber potential. Since electrons have to be 
accelerated through the MCPs the back MCP is typically held at around 2700 V, 
implying a MCP potential difference of 2400 V or 1200 V across a single MCP. The 
anode holder is maintained at 150 V higher than the MCP back. The reference wires of 
the resistive anode are held at about 350 V above the anode holder potential. Apart from 
these voltages the electronics of the detector supply the signal wires with at potential of 
20 V to 40 V higher than the reference wire potential. For this potential configuration, the 
potential on the grid mesh placed in front of the front MCP may range between 0 V and 
300 V, depending on the secondary electron spatial distribution required. This range may 
be increased to include negative potentials and potentials as high as 700 V if required. 
Appendix IV shows the variations in front and back MCP currents for increasing MCP 
back voltages while the MCP front voltage is kept constant at 300 V. 
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3.6.5 Detector Dark Count Noise  
      When the detector is operated with the electron gun turned off, a spectrum of dark 
counts or background noise is observed. These counts are abnormally high in a circular 
strip near the central hole, when the grid mesh is biased as low as 50 V below the front 
MCP potential. The background noise decreases with an increase in the grid potential. 
This is interpreted as electrons being detected due to field emission from the sharp edges 
of the central hole cut into the grid. The grid mesh arrangement could not be moved or 
altered to eliminate this noise. Hence, before and after each experimental shot, the 
electron dark count data is taken. Upon subtracting the average of these dark count data 
from the experimental data, the spectrum of the required secondary electrons without 
noise is obtained. 
 
3.7 Electron Gun and Drift Tube 
3.7.1 Tube Design and Positioning 
      The primary electrons from the electron gun have to pass through the central hole in 
the detector before striking the niobium target. Figure 3.14 shows three concentric tubes 
inserted in this hole. The outermost tube is the guard tube or the anode tube which is 
attached to the anode, thus having the same potential as that of the anode. This tube is in 
place to prevent distortion of field lines between the MCP back and the anode plate, just 
preventing the presence of the hole from affecting secondary electron detection. The 
innermost tube is a drift tube for primary electrons generated by the electron gun. This 
tube is at ground potential and provides a field free path for the primary electrons, thus 
preventing the primary electrons from being influenced by the detector high voltages. 
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The topmost end of this tube terminates within the tip of the gun. The opposite end of the 
tube is positioned about 1 mm from the front surface of the MCP stack. The middle tube, 
used as an insulator between the high voltage outer tube and the grounded inner tube is 
made of the dielectric Vespel. 
3.7.2 Assembly Procedure  
      The electron gun is inserted into a 4.5” conflate flange which is centered on the 10” 
top flange of the vacuum chamber. The gun has a length of 8.7” which protrudes into the 
chamber. Once the electron gun is inserted the particle position detector, with the drift 
tube in its central hole, is suspended on the top flange. The upper end of the drift tube is 
inserted into the aperture of the electron gun, thus providing an uninterrupted path for the 
primary electron beam from the gun. All high voltage and electrical feed-through flanges 
exist on the gun housing. This assembly is shown in Figures 3.1 and 3.2. 
3.7.3 Measurement of Electron Beam Parameters 
      The three major parameters of the primary electron beam are beam energy, beam 
current and beam width. The beam energy is measured directly from the digital display 
on the front panel of the electron source power supply unit of the electron gun. The 
emission current of the beam inside the gun is also displayed on the front panel. The 
current of the beam near the sample is much lower than its emission current. This is 
measured by moving the manipulator head with the single wire Faraday cup in the path of 
the electron beam. Using the light emitted at the impact point on the phosphorescent disk, 
the cup position is changed until the current from the cup as monitored with an 
electrometer is maximized yielding the beam current. This assumes that the beam cross 
sectional area is smaller than the cup’s inlet. The beam width is indirectly measured using 
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a micrometer scale reticle fitted in the eyepiece of a long range microscope viewing the 
luminous spot at the point of impact of the beam with the phosphorescent disk. The 
reticle has an accuracy of 10 m. 
 
3.8 Residual Gas Analyzer 
3.8.1 RGA Analysis 
      Numerous pressure related phenomena can be detected and extracted from the RGA 
data. A sample RGA scan is shown in Figure 3.15 for a vacuum of about 10-6 Torr. The 
mass numbers of the elements are shown on the x-axis, while the y-axis indicates the 
partial pressures of the different gases. It can be seen that the largest peaks occur at the 
mass numbers 1, 18, 44 and 28 the first three of which correspond to hydrogen, water and 
carbon dioxide respectively. The peak with mass number 28 corresponds to a mixture of 
nitrogen and carbon monoxide. Water is the most abundant compound found. Apart from 
44 all peaks above 40 represent different long chain hydrocarbons. It is assumed that the 
initial gas composition of the vacuum chamber when sealed is a typical air environment 
whose composition is well known. With this knowledge, one can deduce the gas 
molecules in the chamber based on the partial pressures measured over a spectrum of 
mass numbers. Knowing the abundance of oxygen in the system based on peak 32, the 
composition of peak 28 can be deciphered. Since oxygen and nitrogen are present 
simultaneously in a system, peak 28 can be interpreted as mainly nitrogen only if there is 
a considerable oxygen peak. In Figure 3.15, the oxygen peak is negligible. Consequently 
it is deduced that most of peak 28 is due to carbon monoxide.  
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      Figure 3.16 shows RGA spectrum at an ultra high vacuum of about 10-9 Torr. The 
partial pressures of most of the gases especially hydrocarbons are seen to have decreased. 
The most noticeable change is that the water peak has become smaller than the 28 peak. 
This is due to two reasons. After many hours of pumping, the cryogenic pump, being an 
excellent water pump, has managed to eliminate most of the water vapor. The second 
reason is the presence of a small leak in the system, later identified at the manipulator 
bellows, thus increasing the amount of nitrogen and hence the size of peak 28. This is 
identified by the abnormally large amount of oxygen as indicated by the size of peak 32 
which as mentioned previously lets us deduce that peak 28 is made up of mainly nitrogen. 
      A continuous time-line spectrum of chamber gasses while performing sample 
cleaning study using the heating lamp is shown in Figure 3.17. In this case, the partial 
pressures of eight species were tracked over time. It is seen that at around the time 12:00 
when the lamp was turned on the water and hydroxide (OH) curves began to steadily rise. 
This indicated that water was being desorbed from the heated sample. At 12:11 the lamp 
was turned off and the water and OH curves began to drop sharply indicating that water is 
no longer being desorbed from the now cooling sample. As expected, apart from these 
two curves the other curves showed negligible change due to sample heating. 
3.8.2 Leak Detection 
      The RGA can also be used to detect leaks in the vacuum system. Figure 3.18 shows 
the RGA output in a leak detection mode. In this process helium gas is released in small 
quantities over the regions of the vacuum chamber suspected of having a leak. If a leak is 
present the helium atoms will find its way into the chamber and the increase in helium 
partial pressure would be detected by the RGA. The RGA displays the partial pressure of 
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helium over time. Hence the location on the chamber where the helium was released 
corresponding to the time of increase in helium partial pressure indicates the location of 
the leak. Helium is released using a needle in order to locate small leaks in the UHV 
range. 
 
3.9 Manipulators 
3.9.1 Motion and Constraints 
      The x-y-z manipulator head is capable of linear motions in three directions. It has a 
± 2.5” motion along its own axis and a ± 0.5” motion along both the chamber axis and 
perpendicular to it. During the experiment, the manipulator is retracted considerably 
away from the sample and the detector in order to not influence the fields. The cryostat is 
mounted on a rotating platform and a linear up-down manipulator bellow. The rotating 
platform is capable of a 360o rotation of the cryostat. The 10” up-down bellow allows for 
a 1” motion of the cryostat along its own axis and for a slight angle of tilt. The linear 
sample manipulator has an accuracy of 5 m along the manipulator axis and 10 m along 
the two other perpendicular axes. The linear manipulator for the cryostat does not have a 
scale. The rotary platform has an accuracy of one degree.       
       The motion of the manipulator in between the sample and the detector is constrained 
by the lack of maneuverable space. The height of the manipulator at its thickest part is 
approximately 0.75”. This prevents easy movement in the small 1” target to grid space. 
The motion of the manipulator perpendicular to the chamber axis and its own axis fails to 
function when it is at its lowest position on the chamber axis. The rotary platform can not 
be rotated through 360o due to the presence of the bellows to the differential pumps and 
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the helium transfer lines of the cryostat, which tend to rotate along with it. Thus the angle 
of rotation is limited to a maximum of 110o which is sufficient for the present 
experiment. 
 
3.10 Power Supplies 
3.10.1 High Voltage Isolation 
      The particle position detector, which uses an MCP stack, requires a power source 
capable of 300 - 800 V for the front MCP that can sink excess leakage current to ground.  
The standing solution of using a high value resistor (5 to 35 M Ω ) to ground provides 
poor regulation to changes in leakage current. For the expected changes in MCP bias the 
resistance would also need to be changed for each and every bias setting using a 
potentiometer. 
      The alternative is to provide an active biased supply circuit using high voltage 
transistors. The active bias will maintain the MCP front potential independently of 
changes to the MCP back bias. It becomes a regulated voltage, thus representing an 
optimal solution for this application. The MCP front plane is to be biased from 200 - 
800 V with respect to chamber ground. The back plane is to be biased from 1000 - 
3000 V from a positive voltage supply that is well suited to source current. As the PNP 
transistors currently available have a voltage hold-off rating limited to about 400 V, a 
circuit design has been developed that addresses the limitations of the existing power 
supply inability to sink sufficient current for use as the MCP back plane supply. This 
involves a two stage PNP transistor arrangement such that each transistor is subjected to 
only half of the MCP front voltage. The schematic for a worst case of 800 V on the MCP 
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front is shown in Figure 3.19. Adjustment of the MCP front plane voltage will be 
controlled from one of the existing, source limited, MCP voltage supply. By changing 
this source from about 400 - 900 V, this in turn will provide 300 - 800 V regulated supply 
to the MCP front as shown in Appendix V. 
 
3.11 Overall Specifications 
3.11.1 Distances 
      Figure 3.20 shows the overall dimensions of the experimental system. The 2.7 cm 
(1.05”) optimum distance from the niobium sample to the detector grid mesh is 
determined from single particle tracking studies. Since the sample has a height of 0.5 cm 
(0.2”), the cryostat to grid distance is 3.2 cm (1.25”). The horizontal axis of the system is 
located 1.9 cm (0.75”) above the cryostat top and 1.3 cm (0.5”) below the detector grid 
mesh. The entire particle position detector has a height of 5.7 cm (2.25”) and the electron 
gun extends a distance of 28 cm (11.06”) from its top most flange into the vacuum 
chamber. The four M3 suspension rods used to suspend the detector are 14.6 cm (5.75”) 
long. The cryostat extends for 28.6 cm (11.25”) from the bottom most flange and has a 
cold head diameter of 2.5 cm (1.0”) at its top. The heat shield is 12.1 cm (4.75”) tall and 
7.5 cm (2.94”) in outer diameter. 
3.11.2 Potentials 
      The entire vacuum chamber and all its accessories are at ground potential. Other 
components at ground potential include the electron gun housing, the primary electron 
drift tube, the cryostat and thermal shielding, the niobium sample, the detector support 
rods and the manipulator arm. The grid mesh is normally kept at 200 V with respect to 
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ground. The front MCP is usually at about 300 V and the back MCP is anywhere between 
2500 V and 2900 V depending on the amount of MCP gain required. The detector anode 
holder, including the support ring and the inner tube within the central hole, has a voltage 
of between 2650 V and 2950 V with respect to ground. The reference and signal wires of 
the delay line detector normally have voltages between 3000 V and 3400 V. The signal 
wires are at 20 V or 40 V positive potential with respect to the reference wires. The grid 
mesh, the MCPs, the anode holder and the anode wires may be higher or lower than the 
above mentioned values by a few 100 volts with respect to ground, depending upon 
experimental requirements. The potentials with respect to ground for different 
components of the detector- electron gun system are shown in Figure 3.14. 
3.11.3 Temperature and Pressure 
      The vacuum chamber, the detector, the electron gun and the manipulator arm are 
always at room temperature, which is usually around 290 oK. The second stage of the 
cryostat and the copper shielding are at a temperature of about 60 oK to 80 oK. The first 
stage of the cryostat and the niobium sample have a temperature of approximately 8 oK to 
20oK. 
      The experimental chamber of the vacuum system is at ultra high vacuum and the 
lowest achieved was 5x10-10 Torr.  This is the pressure of a major portion of the system 
except for the small roughing side, separated from the experimental chamber by the 
roughing valve, where the lowest measurable pressure is 5x10-4 Torr. The differential 
pumping system, serving the rotary platform, maintains a pressure of 1 Torr.  
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3.12 Experimental Procedure Steps 
      The following is the step-by-step procedure employed for operating the system and 
for obtaining experimental data. This procedure has been developed and followed 
allowing for a level of repeatability in the experiment. 
1. The 8” view port along with its 10” reducer flange is opened to access 
experimental area of the chamber. If not already present, a thin layer of cryogenic 
grease is spread over the surface of the cryostat cold head supporting the sample. 
2. The niobium sample is removed from the nitrogen desiccator box and transferred 
to the top of the cryostat cold head manually with a gloved hand positioned 
slightly off center towards the beam/chamber axis. 
3. The vacuum system is closed and the evacuation procedure detailed in section 
3.3.1 is initiated. 
4. Upon attaining a vacuum of 5x10-5 Torr the RGA is turned on.  The 
environmental conditions are measured and recorded.  The data is analyzed for 
indications of vacuum leaks.  If a leak is indicated, leak testing is formed as 
mentioned in section 3.8.2 and the leak is fixed.  RGA measurements are 
periodically recorded before and after sample testing when pressures are below 
10-6 Torr.  This provides vacuum environment history for comparison among 
different sample studies. 
5. At 10-7 Torr, the electron gun is activated following the procedure documented in 
Section 3.3.2.  The parameters of the electron beam (beam width, current, and 
energy) are adjusted and recorded.  (Refer to Section 3.7.3) These studies are 
performed with the manipulator blocking the path of the beam to the sample, 
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thereby preventing unnecessary conditioning of the sample surface. The beam 
current is adjusted between 80 pA and 3.7 nA, depending on the energy, with a 
150 m beam width. The beam parameters are measured before and after each 
change in beam energy for consistency. 
6. The Faraday cup with phosphorescent screen is used to find the beam. The beam 
is then position in the center of the cup. All micrometer readings are then noted.  
Once noted, using the known dimensions of the manipulator head, the 
manipulator ring is positioned over the piece under test and moved to the final 
position. This procedure is detailed in the first paragraph of Section 3.4.5. No 
pressure is applied to the repositioned piece. Fine positioning of the piece will 
occur once the electron beam impacts the top surface of the sample assuming a 
spectral distribution of the secondaries and is stated in step 13. 
7. The cryostat is turned on at a pressure of about 0.5x10-9 Torr following the 
procedure in Section 3.5.2 and the base temperature is noted. The base 
temperature is the coldest temperature to which the cryostat can cool. This is 
around 9 oK according to the diode on the side of the cryostat and around 23 oK 
according to the diode on the top of the sample.  
8. An optional sample sputtering followed by stimulated thermal desorbtion is 
performed. Refer to Section 3.4.3. The RGA is used to study the change in 
concentration and the type of desorbed gasses during both of these processes. 
Cleaning is performed until an equilibrium is attained which is indicated by the 
RGA as a leveling off of the gas desorption curves. This is used as a cleaning 
standard for all samples.  
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9. If sample cleaning was conducted, the sample temperature is measured and the 
cleaning durations are recorded. 
10. The final composition of chamber gasses and pressure is recorded before testing 
with a particular primary beam energy. The RGA and ion gauge are then turned 
off. 
11. The particle position detector is turned on and its functions checked. Initiation 
procedure for the detector is elaborated in Section 3.3.2.  
12. The manipulator is moved to the farthest position possible away from the sample. 
All mechanical devices resulting in vibration inside the chamber are on during 
selective times throughout the duration of the experiment to maintain a cold 
sample but minimize creep. 
13. An electron beam is directed towards the sample. According to the initial sample 
positioning in step 8 the beam is expected to be at normal incidence to the sample 
surface. Fine positioning of the piece is now performed as elaborated in the 
second paragraph of Section 3.4.5 using the rotary table based on the comparison 
of an expected scatter pattern with that obtained from the detector. This procedure 
takes adequate care in making sure that the final experiment is performed on an 
unconditioned surface of the sample.  
14. Data on the background dark counts detected by the particle detector with the 
electron gun in off position is recorded and stored. This is expected to be very 
small. 
15. With the detector power on and ready for data acquisition and with the electron 
gun in the experimental mode of operation, a single pulse of electrons with a time 
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duration of 100 s and a preset beam energy/current and beam width (performed 
in step 5) is made to impact a new unconditioned niobium sample surface. The 
temperature readings of the cryostat are noted at the time of the experiment 
16. Data of the secondary electron position and relative time are collected from the 
detector and stored.  
17. The rotary platform is rotated about 45o, thereby turning the sample as mentioned 
in Section 3.4.1. Step 14 is repeated. The electron pulse is now directed at a 
surface with a 15o normal relative to the electron beam axis. Data is collected and 
stored as a separate file. The angular position of the rotary table is noted.  
18. A further rotation of about 45o on the rotary platform places a surface with a 30o  
normal relative to the electron beam axis in the path of the beam. These results are 
recorded. The angular position of the rotary table is noted. The data for a 30o 
surface normal relative to the electron beam axis could not be obtained because it 
requires a cryostat rotation of 180o which is beyond the limits of the present setup 
as mentioned in Section 3.9.1. 
19. The electron gun is turned off. 
20. The rotary platform is rotated backwards and brought to the initial position of 
normal incidence as present in step 15.  
21. The detector is turned off and the pressure and RGA readings are rerecorded. The 
manipulator arm is moved in front of the primary beam. 
22. The energy of the primary electrons is changed. This changes the beam current. 
The beam diameter is however kept constant at 150 m. These parameters are re-
measured and recorded as performed in step 5. 
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23. Steps 15 – 18 are repeated at the new primary electron energy but at a slightly 
different angular position so that virgin sample material is placed in front of the 
beam.  The angular position of the rotary table is noted. 
24. Steps 21 and 22 are repeated to obtain secondary electron data for varying 
primary electron energies.  
25. After all required combinations of energies and angles of incidence data are 
obtained and stored the electron gun is turned off followed by the detector. 
26. RGA and the ionization gauge are now turned on and the final chamber gas 
composition and pressure are rerecorded.   
27. The cryostat is turned off. 
28. The vacuum system venting procedure is initiated as per Section 3.3.3. 
29. Once the view port is opened the sample may be replaced and the above 
procedure is repeated with a new niobium sample. 
 
3.13 Miscellaneous 
3.13.1 System Vibration Concerns 
      Most mechanical components attached to the system induce vibrations to a certain 
extent. Among them those that produce minimal vibrations include the cryogenic pump, 
and the roughing pump. The pumping action of the piston in the cryostat tends to induce 
small vibrations. These vibrations have been responsible for the niobium sample sliding 
on the cryostat cold head if not held in place by the Apezon or TP-832 grease. The one 
component that mainly effects the vibration of the system is the differential diaphragm 
pump. Even though it is isolated from the vacuum chamber by two 1.5 feet bellows and 
 95 
damped by a foam platform it produces considerable vibrations. In order to prevent the 
phosphor disk from sliding off the top of the manipulator head it was clamped into place 
on the Faraday cup. The vibration from the differential pump tends to loosen some of the 
wire connections to the electrical feed-through flanges. These vibrations were 
considerably minimized by providing a separate stand for the differential pumping station 
and isolating it completely from the vacuum chamber. 
3.13.2 RGA and Ionization Gauge Degas 
      Periodic degassing of the RGA and ionization gauge filaments is required. Degassing 
is a process by which a large current is sent through the filament thus enabling it to 
desorb most of the adsorbed gasses. It provides for better gauge readings, which other 
wise tend to be corrupted by detection of large quantities of adsorbed gasses on the 
filament itself. Due to this large current, the degas procedure must be limited to no more 
than 10 minutes, in order to prevent filament damage. A one minute degas is sufficient to 
provide reliable gauge readings. Figure 3.21 shows the RGA spectrum of two degasses, 
the first being the RGA degas for a minute and the second one, a combination of the 
RGA and ionization gauge degas. Except for argon and carbon all other gas species 
analyzed showed considerable increase upon degassing, indicating that they were 
adsorbed in large quantities on the RGA and ionization gauge filaments. 
3.13.2 Vacuum Flanges and Peripherals 
      A large variety of flanges, both con-flat and Kwik flange, types were employed in the 
construction of the vacuum system. The use of Kwik flanges has been limited to only 
those cases where an alternative was not possible.  Among the con-flat flanges are four 
10”, two 8”, one 6”, two 4.5”, twenty three 2.75” and thirteen 1.33” flanges. Kwik 
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flanges include two DN 25 flanges, using UHV metal gaskets, on the cryogenic pump 
side and one DN 16 flange, using rubber gaskets, on the differential pumping side. The 
above mentioned flanges include blanks, feed-throughs, view ports and flanges connected 
to reducers, valves and bellows. All flanges on the UHV side use copper gaskets except 
for the gaskets in the rotary platform which require viton gaskets to function. Three UHV 
valves are used as a vent valve, a sputter gas inlet valve and a roughing valve. Some of 
the flanges and valves mentioned can be seen in Figure 3.4. Recommended flange bolt 
tightening sequences were followed [64]. Special care was taken while installing view 
ports, especially the larger ones.  
3.13.3 Vacuum Chamber Bake-out 
      A vacuum chamber bake out is necessary if large amounts of water in the chamber, as 
detected by the RGA, prevents the further reduction in pressure. Due partially to the 
Nevada climate the present system is capable of obtaining a vacuum pressure of about 
5x10-10 Torr without a bake out. Since this pressure was within the suitable range 
required for the secondary electron emission experiment, bake out equipment were not 
installed on the vacuum chamber. However, if the presence of water within the chamber 
prevents reasonable data from being taken, the vacuum chamber would have to be baked 
out. Future bake outs can be performed using flexible heating tapes made of silicone 
rubber capable of attaining temperatures of 200 oC which have been obtained from 
Watlow Electric Manufacturing Company. A four zone temperature controller and 
display along with circuit relays were obtained from Omega Engineering, Inc. Care must 
be taken while baking components like the cryostat and the rotary table which contain 
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rubber O-rings intolerant to high temperatures. The RGA electrometer, the detector and 
the electron gun focusing assembly are also affected by high temperature bake outs. 
3.13.4 Vacuum Equipment and Sample Handling 
      Any surface that finally becomes comes exposed to the vacuum, especially a UHV, 
environment must be treated with utmost cleanliness. To this end talc free gloves are used 
while handling all such surfaces. All vacuum components and assembly tools are cleaned 
with 200 proof ethyl alcohol using polyester clean room wipes. Any component that was 
suspected of oil contamination was extensively cleaned with acetone followed by alcohol. 
The alcohol was obtained from Pharmco Products Inc. and the gloves and polyester wipes 
from Cintas Cleanroom Resources, Inc. The niobium sample was also handled on its 
sides with talc free gloves. Care was taken not to allow any physical contact with the 
beveled surfaces of the sample. 
3.13.5 Thermal Radiation Concern 
      Apart from the poor contact between the sample and the cryostat, another other 
reason for the failure of the diode on the top of the cryostat to indicate temperatures 
below 15 oK is because of thermal radiation from the surroundings. The present heat 
shield which covered the diode on the cryostat side, ends just short of the cryostat top and 
does not shield the diode on it. This diode is thus exposed to radiation heat transfer from 
the vacuum chamber walls and the detector. This 280 oK thermal gradient is expected to 
greatly influence the diode from attaining temperatures below 15 oK. 
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Figure 3.1 Arrangement of the experimental setup for study of secondary electron 
emission 
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Figure 3.2 Arrangement of the electron gun, the secondary electron detector, the cryostat 
and the manipulator arm in the vacuum chamber. 
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Figure 3.3 Some of the electronics and peripherals employed in the experiment  
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Figure 3.4 The secondary electron emission study test stand (inclined view) 
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Figure 3.5 Bottom and top views of the linear manipulator arm 
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Figure 3.6 Some of the electronics and peripherals employed in the experiment  
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Figure 3.7 Accessories and controls for the EK-5-M5 electron gun  
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Figure 3.8 Cryostat mounting on the base flange of the vacuum chamber 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9 Power supplies for sample cleaning processes 
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Figure 3.10 Lifting the chamber top flange using the crane assembly for detector / 
electron gun installation 
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Figure 3.11 Vacuum System Block Diagram 
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Figure 3.12  RGA time-line spectrum of chamber gasses while evacuation using the UHV 
cryogenic pump, corresponding to a decrease in chamber pressure from 1x10-5 Torr to 
1x10-7 Torr 
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Figure 3.13 Alignment of the beveled niobium sample on the cryostat 
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Figure 3.14 Arrangement of the tubes within the detector central hole showing distances 
and potentials 
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Figure 3.15 RGA spectrum of chamber gasses at 1.36X10-6 Torr. 
 
 
 
 
Figure 3.16 RGA spectrum of chamber gasses at 3.21X10-9 Torr. 
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Figure 3.17 RGA time-line spectra of chamber gasses while performing sample cleaning 
using heating lamp. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.18 RGA indicating the helium level in the leak detection mode. 
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Figure 3.19  Schematic of the high voltage isolation circuit with 900 V  MCP front 
control voltage and 4000 V  MCP back voltage. In this case the MCP front is thus 
provided with 818.7 V with 409.6 V across each of the two high voltage transistors. 
 
 
 
 
 114 
0.20"
1.05"
0.75"
0.50"
0.92"1.25"
2.75
4.50"
10.81"11.06"
2.25"
5.75"
10.00"
2.94"
1.00"
6.00"
16.00"
11.25"
4.75"
0.40"
1.80"
Figure 3.20 The experimental setup with major dimensions in inches 
 115 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.21 RGA time-line spectrum of chamber gasses while RGA and ionization gauge 
degas at a chamber pressure of about 8x10-8 Torr  
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CHAPTER 4 
 
RESULTS AND DISCUSSION 
4.1 Experimental Results 
4.1.1 Preliminary Results on Unpolished Sample 
      Preliminary studies were conducted on an untreated sample shown in Figure 4.1. The 
total length of the reticle scale seen in the center of the picture is 500 m. This sample 
had a rough surface with machining marks clearly visible under the long range 
microscope. Each of the ridges and groves due to machining on the surface was about 50 
m in width. The unpolished sample was exposed to the atmosphere for about 18 months 
from the time it was machined before being placed in the vacuum chamber for studies. 
Initially, continuous beams of primary electrons were used in the studies. Large time 
durations of 5 to 30 seconds were employed which resulted in a considerable amount of 
dark counts or noise along with secondary electron counts. Most of the noise was due to 
emissions from the sharp edges on the grid mesh around the central aperture as shown in 
Figure 4.2a. The 150 to 200 V potential difference that exists between the grid and the 
front MCP results in these edges acting as emitters of electrons which are then guided to 
the MCP to be detected as a ring cluster. Due to the large number of noise counts and a 
good repeatability of its pattern separate noise files like the one shown in Figure 4.2a 
were taken before and after a data shot. An average of these noise files is then subtracted 
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from the data file to statistically eliminate the dark count thus obtaining just the 
secondary electron count which is shown in Figure 4.2b. The central circular region in 
Figures 4.2a and 4.2b with no electron counts is due to the absence of detecting elements 
in that region because of the presence of the central hole in the detector. Figure 4.2b is 
the result of the primary electron beam striking normal to the surface of the niobium. The 
higher concentration of secondary electrons in the circular ring about the center is 
because most of the secondary electrons are lost to the central aperture region and thus 
avoid detection for a normal incidence of the primary electron beam. Preliminary 
secondary electron distribution was also obtained with primary electron beam pulses to 
reduce surface conditioning. The pulse used had an energy of 1 keV and a current of 
about 2.2 nA. This is a result of 1.7 A in the cathode filament of the gun corresponding to 
an emission current of about 55 A in the electron gun. Upon using a 1 ms pulse it was 
seen that the secondary counts were too low to be able to ascertain the spatial distribution 
information. A 100 ms pulse produced large numbers of secondary electrons which 
saturated the detector. A 10 ms pulse was found to produce enough secondaries to be 
detected by the detector while preventing detector saturation. 
4.1.2 Results on Polished Samples 
      Experiments were performed on two electro-polished samples and five buffered 
chemical polished samples. All of these samples were kept in nitrogen dry box for 
approximately 18 months before experimentation. The pressure of the vacuum chamber 
during the experiment varied between 9 x 10-10 to 2.5 x 10-9 Torr prior to sample bake-out 
and between 2.5 x 10-9 to 5 x 10-9 Torr after in situ sample bake-out. The temperature on 
the cryostat surface was 23 ±  1 oK throughout the experimental studies except during the 
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bake-out process. Temperatures as high as 31oK where recorded by the diode on the 
cryostat surface at a localized position about 0.8 cm from the center of the sample during 
sample bake-out. Unless otherwise specified, the sample surface is assumed to be cold 
when SEE is measured. The grid voltage relative to the sample for normal and 15o 
incidence is 100 V and for the 30o incidence is 150 V. A constrained 150 m diameter 
primary electron beam, with beam energies ranging from 100 eV to 3 keV, impacts three 
(0o, 15o, 30o) of the four beveled surfaces. The primary beam currents are about 3.7nA, 
3.3 nA, 2.9 nA, 2.2 nA, 1.3 nA, 550 pA, 200 pA and 80 pA for the 3 keV, 2 keV, 
1.5 keV, 1 keV, 0.75 keV, 0.5 keV, 0.25 keV and 0.1 keV energies respectively as shown 
in Table 4.1. Figure 4.3 shows a 100 ms pulsed primary electron beam current profile. 
The y-axis of the greaph is in volts. It was found that 2 V on the y-axis is equivalent to 
1.442 nA. Hence, the pulses shown have a peak current of about 2.6 nA. For each of the 
100 ms pulse shown the total charge enclosed is about 0.2 nC. The data obtained due to 
0o and 15o incidence of primary electrons examines the tail end of the energy/momentum 
distribution since the specular portion of the distribution is lost to the central aperture. 
The specular portion of the SEE (backscattered electrons) is detected when the electron 
beam impacts the surface at 30o relative to the sample surface normal. The specular 
portion of the emitted electrons compose those electrons which are reflected from the 
surface obeying Snell’s law of reflection as shown in Figure 4.36. Except for the figures 
showing the spatial distribution for sample conditioning all other Figure of secondary 
electron distribution (detector output) are shown with points of two or more electron 
strikes. Subtraction of one electron from all bins on the detector output provided a clearer 
understanding of the secondary electron distribution. 
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      The point on the detector on which the specular backscattered electrons strike is 
calculated by a simple geometric calculation using Figure 4.36. Using the sample to 
detector distance and the angle of incidence of the primary electron and employing 
Snell’s law the point on the detector on which the specular electrons strike for a 15o angle 
of primary incidence is 6.8 mm from the detector center. This point was observed to be 
within the detector hole thus explaining the loss of a large number of electrons to the 
aperture. A similar point in the case of the 30o angle of primary incidence was obtained at 
15 mm from the detector center. This point was found to be in the center of the detection 
region thus providing near complete detection of the electrons. 
4.1.2.1 Electro-polished (EP) Sample 
       The electro-polished sample as seen through a long range microscope is shown in 
Figure 4.4. The surface exhibits image quality reflectivity as observed by the reflection of 
the mesh grid from the niobium surface in the figure. Upon first experimentation it was 
seen that a 10 ms primary electron pulse (similar to the time period used for the 
unpolished sample) did not produce enough particles for a conclusive determination of 
the spatial spread. Hence all further experiments were carried out using a single 100 ms 
primary electron beam pulse. For a 1 keV pulse the current is about 2.2 nA which 
corresponds to a total charge is about 0.2 nC as shown in Figure 4.3. Since the spot size 
of the beam is 150 m the charge dose rate per unit area is about 10 nC/mm2. This dose 
rate also agrees with the maximum rate recommended in literature [31] to prevent sample 
surface conditioning. Low total dark counts compounded with random, uncorrelated 
count locations rendered subtraction of noise from the total counts at each count location 
statistically unjustified. Since the total noise counts were as low as 2 to 6 % of the total 
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secondary electron counts detected, they are not eliminated from the experimental count 
data. 
4.1.2.1.1 Variations Due to Temperature and Primary 
Electron Energy Changes on the EP samples 
       The change in the spatial distribution of the secondary electrons due to the primary 
electrons shifted over a few microns on the same beveled surface of the same sample was 
studied. It was seen that there was no considerable change in the number of counts or the 
spatial distribution of the secondary electrons due to rotation of the sample over the same 
face of the sample. The maximum deviation observed for all the three angles of incidence 
was about 3 bins on the detector output which corresponds to about 0.89 mm on the 
detector MCP surface for the 15 degree incidence case. The average deviation of all three 
angles was 2.5 bins which represents approximately a 1.6o shift in the angle of emission 
of a secondary electron. 
      Figures 4.5, 4.6 and 4.7 show the spatial distribution of secondary electron for 0o, 15o, 
and 30o incidence of a 1keV primary beam respectively. For 0o incidence, a large 
concentration of electrons exists around the central aperture. Most of the secondary 
electrons pass through the central aperture and avoid detection. For a 15o primary beam 
incidence, the distribution of secondary electrons concentrates mainly towards the inner 
regions of the third quadrant of the detector while the distribution for 30o incidence 
covers the entire region from the aperture edge to the detector outer edge. The spatial 
distribution for 0o, 15o, and 30o incidence of a 1keV primary beam on the same electro-
polished sample at room temperature were also studied. No significant deviations were 
observed in secondary electron distribution and count between the warm and cold 
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samples with the maximum change observed being 6 bins on the detector output, 
corresponding to 1.76 mm on the detector surface, due to the 15 degree angle of primary 
electron incidence. The total counts, centers of spatial distribution and the standard 
deviations of the spectra for the cold and the warm electro-polished sample 1 are shown 
in Table 4.2. Similar characteristics were observed when a 0.5 keV primary electron was 
used to impact the electro-polished surface.  No significant changes were observed 
between the spatial distribution of the secondary electrons obtained from the two energies 
studied, except for an abnormal change in the normal incidence case. This abnormality is 
considered to be due to a defective shot, since no such change in distribution was 
observed in any of the other shots. The count rate of the secondaries due to the 0.5 keV 
primary electrons was slightly lower than that due to the 1keV primary electron as shown 
in Table 4.2 which is reasonable since the beam current is lower. Figures A.4 to A.8, A.9 
to A.13 and A.14 to A.18 show multiple shots of the spatial distributions due to 0o, 15o 
and 30o angles of incidence respectively of a 1 keV primary electron. Figures A.19, A.20 
and A.21 show the spatial distributions for a warm sample due to 0o, 15o and 30o angles 
of primary electron incidence respectively. Similarly Figures A.25 to A.29, A.30 to A.34 
and A.35 to A.39 show multiple shots of the spatial distributions due to 0o, 15o and 30o 
angles of incidence respectively of a 0.5 keV primary electron. 
      Table 4.3 compares the secondary electron emission from the second electro-polished 
sample when at room temperature and when cooled to 23oK. The maximum deviation in 
the spatial distribution was again observed for secondary electrons resulting from a 1 keV 
primary electron pulse incident at an angle of 15o to the sample surface normal. This 
deviation was approximately 8 bins on the detector output corresponding to about 2.4 mm 
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on the detector surface. The following primary beam energies: 0.1, 0.25, 0.5, 0.75, 1 and 
1.5 keV were employed to study the change in the secondary electron emission as a 
function of the primary beam energy at the 30o beveled surface. Figure 4.8 shows the 
variation of total secondary electron counts detected for each primary electron energy. 
The total counts were found to peak for primary energies between 0.25 and 1 keV with 
lower counts for 0.1, 1.5, 2 and 3 keV. A comparison with another sample and the 
general SEE curve for niobium is discussed in Section 4.1.3.2. Figures A.43, A.44 and 
A.45 show the spatial distributions for a cold sample due to 0o, 15o and 30o angles of 
primary electron incidence respectively, while Figures A.46, A.47 and A.48 show its 
corresponding distributions for a warm sample. 
      Spatial distributions for a 30o incidence on the second EP sample employing primary 
electron energies of 0.1, 0.25 0.5 0.75, 1 and 1.5 keV are shown in Figures A.59 to A.64 
respectively.   
4.1.2.1.2 Variations due to Bake-out and Conditioning 
on the EP Samples 
      Sample bake-out using the in situ bake-out lamp was performed to desorb adsorbed 
gases, especially water, on the sample at cold temperatures. During sample bake-out, the 
temperature indicted by the diode on the top of the cryostat increased from 23 ± 1oK to 30 
± 1oK while the diode on the cryostat side showed a temperature increase from 9 ± 0.7oK 
to 11 ± 0.7oK. The chamber pressure increased from 9 x 10-10 to 2.5x 10-9 Torr prior to 
bake-out to about 1 x 10-8 Torr corresponding to the peak temperature of the process and 
relaxed to pressures between 2.5 x 10-9 and 5 x 10-9 Torr while experimenting with the 
sample after bake-out. Experiments were conducted only when thermal equilibrium is 
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achieved. Bake-out was performed until the RGA showed a zero rate of increase for the 
partial pressure of water in the chamber. Typically, equilibrium occurred between 20 and 
30 minutes for all the samples studied. Apart from water other gases like nitrogen, 
oxygen and hydrogen were also desorbed during the bake-out process as shown in the 
RGA time-line graph in Figure 4.9. Studies on the sample after bake-out were conducted 
approximately 20 to 25 minutes after the end of the bake-out procedure. The above 
detailed points are valid for all the samples tested, except if specifically mentioned later. 
The bake-out lamp was placed on one side of the diode. In Figure 4.5 its position can be 
best described as being located towards the center right of the detector aperture, centered 
around the coordinates (40,0), about 2 cm from the sample top. 
      The second sample was baked for about 25 minutes. About 20 W of power was 
generated by the heating lamp. No considerable change in electron count or spatial 
distribution was observed for 1 keV primary beam incident on each of the three beveled 
surfaces at 23o K compared to the unbaked sample at the same temperature. The first 
sample was not baked. Figures A.49, A.50 and A.51 show the spatial distributions for a 
cold sample due to 0o, 15o and 30o angles of primary electron incidence respectively after 
in situ sample bake-out. 
      Sample conditioning was performed by impacting the same surface with a beam of 
primary electrons pulsed multiple times. The surface conditioning was measured by 
comparing the total electron counts detected for each impact. Primary electron pulses of 
100 ms were used for the EP samples. The time period between each pulse was about 20 
to 30 seconds. 
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      Both the electro-polished samples studied showed remarkable signs of sample surface 
conditioning upon multiple impacts of the primary electron pulse. Conditioning was 
observed with 100 ms primary electron pulses with energies of 1 keV and 0.5 keV. 
Figures 4.10, 4.11, 4.12 and 4.13 shows the change in total detected secondary electron 
counts over an increasing number of primary electron pulses. The SE counts decrease to a 
minimum after about 10 impacts. When the count significantly increased, the 
conditioning experiment was stopped and the last data point was not recorded.  Refer to 
Figures 4.10 and 4.13. The conditioning curves for the two samples are similar. The 
number of pulses required to reach the smallest secondary electron count for conditioning 
on the 15o and 30o beveled surface is nearly the same. From the two primary beam 
energies examined, the 0.5 keV primary electrons took a longer time to condition and 
yielded a higher secondary electron emission minimum as compared conditioning with 
the 1 keV primary electron beam. This could be due to the smaller current of 550 pA for 
the 0.5 keV, and hence lesser charge, compared to 2.2 nA for the 1 keV electrons. This is 
shown in Figure 4.11.  
      For the first EP sample, using Figure A.22 as a reference, Figures A.23 and A.24 
show changes in distribution after five 100 ms pulses and ten 100 ms pulses respectively 
for an energy of 1 keV. Similarly for the 0.5 keV case, using Figure A.40 as a reference, 
Figures A.41 and A.42 show changes in distribution after five 100 ms pulses and ten 
100 ms pulses respectively. Using Figure A.52 as a reference for the second EP sample, 
Figures A.53 and A.54 show changes in distribution after five 100 ms pulses and ten 
100 ms pulses respectively.  
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4.1.2.2 Buffered Chemical Polished (BCP) Sample 
      The buffered chemical polished sample as seen through the long range microscope is 
shown in Figure 4.14. The BCP sample is not as smooth and polished as the EP sample.  
Grooves and striations are notably visible. Secondary electron emission is examined from 
five buffered chemical polished samples. 
4.1.2.2.1 Variations Due to Temperature and Primary Electron Energy  
Changes on the BCP Samples 
      Four of the five buffered chemical polished samples were examined at room 
temperature and at about 23o K. Scattered plots of each shot may be found in Appendix 
VI. The raw data is condensed to show the center of gravity of the distribution along with 
its spatial standard deviation. Tables have been provided to document these results.  
Except when otherwise stated, it is assumed that the primary beam energy is 1 keV 
(2.2 nA) with a 100 ms pulse. Sample one was studied only at room temperature and will 
not be considered in this section. Spatial distributions of this warm sample for 0o, 15o and 
30o angles of primary electron incidence are shown in Figures A.65, A.66 and A.67 
respectively. 
      Table 4.4 details the comparative study between the cold and warm states of the 
second BCP sample. The maximum change in spatial distribution from warm to cold was 
found to be 13 bins on the detector output, which corresponds to 3.66 mm on the detector 
surface. In this case, 1 keV primary electrons were incident on the 30o beveled surface. 
The spatial distributions due to the 15 and 30 primary electron incidences occur on 
opposite sides of the detector as shown in Figures A74 and A.75. Figures A.73, A.74 and 
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A.75 show the spatial distribution for the 0o, 15o and 30o angles on the cold sample. 
Similar distributions on a warm are shown in Figures A.82, A.83 and A.84. 
      At normal incidence, most of the secondary electrons emitted from the third BCP 
sample were lost to the central aperture. The major cluster due to the 15o angle of 
incidence did not change appreciably when compared to the cluster for the 0o angle of 
incidence. The change in the center of spatial distribution of the secondary electrons was 
greatest in the case of the 30o primary beam incidence. This maximum value of deviation 
was found to be 9 bins on the detector output or 2.4 mm on the detector surface. When 
comparing SEE from a 0.5 keV primary beam to that with a 1 keV primary both from a 
cold sample, the electron counts decreased marginally as the primary beam energy 
decreased. There was no visible change in the spatial distribution of the secondary 
electrons between the two energies studied. Refer to Table 4.5. The change in total 
secondary electron counts due to changes in the primary energy was observed using this 
sample. The curves for 15o and 30o angles of primary electron incidence are shown in 
Figure 4.8. They are further discussed in Section 4.1.3.2. Figures A.85 to A.90 show the 
distributions due to 0o, 15o and 30o incidence angles of a 1 keV primary pulse 
respectively on the cold sample followed by a similar set for the warm sample. The 
distribution due to 0o, 15o and 30o incidence angles of a 0.5 keV primary pulse is shown 
in Figures A.97 to A.99. Spatial distributions for a 30o incidence on the third BCP sample 
employing primary electron energies of 0.1, 0.25 0.5 0.75, 1, 1.5, 2 and 3  keV are shown 
in Figures A.103 to A 110 respectively. Similar distributions for the 15o primary electron 
incidence case are shown in Figures A.111 to A 118. 
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      The fourth BCP sample showed no variation in spatial distributions for the primary 
electron pulse impacting various points on the same face. The only anomalous 
phenomenon observed was a low count rate for the cold sample at 15o incidence when 
compared with its warm counterpart as indicated in Table 4.6. Similarly, the maximum 
deviation for the center of spatial distributions, at 15 bins on the detector output or 
4.2 mm on the detector surface, is observed for a 15o primary electron incidence. Apart 
from this the other two angles showed negligible visual change in distribution from warm 
to cold. These results are tabulated in Table 4.6. Figures 4.15, 4.16 and 4.17 show the 
spatial distribution of secondary electron for 0o, 15o, and 30o incidence of a 1keV primary 
beam respectively for the fourth BCP sample at cryogenic temperatures. Spatial 
distributions for the cold and warm samples are shown in Figures A.119 to A.136 as 
detailed in Table 4.6. 
      The change in spatial distribution for the fifth BCP sample between a warm and a 
cold sample is shown in Table 4.7. The maximum change was observed for the normal 
incidence of the 1 keV primary electron beam. This maximum difference represented 
6 bins on the detector output which corresponds to 1.7 mm on the detector front surface. 
Spatial distributions for the warm and cold samples are shown in Figures A.149 to A.154 
as detailed in Table 4.7. 
4.1.2.2.2 Variations due to Bake-out and Conditioning 
on the BCP Samples 
       All the three BCP samples tested, showed varying levels of decrease in total 
secondary electron counts after in situ sample bake-out. Table 4.8 shows a decrease in 
secondary electron count after bake-out for the BCP samples 2, 3 and 5. The percentage 
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decreases between the three different angles of incidence for each sample does not show 
much deviation. A large deviation is seen between the ranges of the three different 
samples themselves. Therefore, the average percentage decrease for each sample is 
determined. The average percentage decrease in counts for the second BCP sample is 
23.2% while the corresponding values for the fifth and third sample are 47.5% and 61.5% 
respectively. The three samples have a wide range in percentages. From Figures in 
Appendix VI, it is observed that the SEE count is located at different locations around the 
detector hole.  This implies that the surface illuminated by the primary beam on the same 
bevel is facing in a different azimuthal direction.  Recall that the lamp is roughly located 
at the position (-40,0) about 2 cm from the test piece.  Therefore, each beveled surface 
does not have the same line of sight relative to the heating lamp.  This implies that similar 
surface polished bevels do not experience the same total radiant heat received at the point 
studied on the sample. The point studied on sample 3 was directly facing the lamp and 
was well light thus ensuring a maximum decrease in count after bake-out. The point 
examined on sample 5 was not directly facing the lamp and was not well lit giving an 
intermediate outcome for the bake-out studies. The point studied on sample 2 was in the 
shadow of the sample resulting in very little difference after bake-out. The Changes due 
to sample bake-out was further studied using a 0.5 keV primary electron beam impacting 
sample 3. Even though this sample showed a very high bake –out effect with the 1keV 
primary, the average percentage decrease due to the 0.5 keV primary electrons was 
32.4%.  The 0.5 keV case however started with a lower electron count before bake-out 
than the 1 keV case ultimately obtaining near similar minimum counts after the 
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bake-outs. It should also be noted that the current for the 0.5 keV electron was lower than 
that for the 1 keV electron. 
       Figures A.76, A.77 and A.78 show the spatial distribution for the 0o, 15o and 30o 
angles on the cold BCP 2 sample after sample bake-out. Similar distributions after 
bake-out for the BCP sample 3 are shown in Figures A.91, A.92 and A.93 for the 1 keV 
case and in Figures A.100, A.101 and A.102 for the 0.5 keV case. The spatial distribution 
for the 0o, 15o and 30o angles on the cold BCP 5 sample after sample bake-out are shown 
in Figures A.155, A.156 and A.157 respectively. 
      Conditioning studies were performed with 100 ms primary electron beam pulses on 
all samples except on sample 4 which was exposed to 50, 100 and 200 ms pulses. 
Conditioning curves for BCP samples 1, 2 and 3 are shown in Figures 4.10, 4.12, 4.13 
and 4.18. For these three samples, conditioning studies were stopped upon reaching a 
minimum electron count value. The last data point was not recorded. Effects of 
conditioning after reaching a minimum count were studied on the BCP samples 4 and 5. 
It was seen that the total counts increased to near original values upon further 
conditioning beyond the minimum level. The rate of conditioning on sample 4 with the 
200 ms pulse was greater than the rate of conditioning for the 100 ms and 50 ms pulses. 
The 200 ms pulse conditioned the surface to provide a minimum SE count in about half 
the number of pulses it took the 50 ms and 100ms pulses. Holding the pulse duration 
constant, there was no observable difference between the rates of decrease and increase 
of the SE count curve. The lowest achieved count for the 1keV, 100 ms pulse is 
approximately a little less than half that obtained for the 0.5 keV, 100 ms pulse. 
Conditioning curves for the fourth BCP sample are shown in Figures 4.19 and 4.20. 
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Conditioning results for the fifth BCP sample are provided in Figure 4.21 for secondary 
electron emission from the 15o and 30o bevels due to a 1 keV primary electron beam. No 
comparable difference was observed in the rate of change in count per shot or in the 
minimum values achieved. 
      Using Figure A.68 as a reference for the BCP sample 1, Figures A.69 through A.72 
show changes in distribution after the impact of two, three, four and five, 100 ms pulses 
respectively. The initial distribution followed by the distributions after three and six 100 
ms shots for a 15o angle of incidence are shown in Figures A.79, A.80 and A.81 
respectively. Conditioning of the BCP sample 3 is shown in Figures A.95 and A.96 
which are obtained after three and six 100 ms pulses impact the sample with an initial 
distribution shown in Figure A.94. Using Figure A.140 as a reference for the BCP sample 
4, Figures A.141 and A.142 show changes in distribution after the impact of ten and 
twenty, 50 ms pulses respectively. Similarly, with Figure A.143 as a reference, Figures 
A.144 and A.145 show changes in distribution after the impact of twelve and seventeen, 
100 ms pulses respectively and with Figure A.146 as a reference, Figures A.147 and 
A.148 show changes in distribution after the impact of five and ten, 200 ms pulses 
respectively. All the three above cases for the BCP sample 4, employed 1 keV primary 
electrons. For the 0.5 keV primary electron case for the BCP sample 4, Figure A.137 is 
used as reference and Figures A.138 and A.139 show changes in distribution after the 
impact of ten and twenty, 50 ms pulses respectively. The initial distribution and the 
distributions after ten and fifteen 100 ms pulses for the BCP 5 sample are shown in 
Figures A.158 to A.163, the first three of which are of a 15o incidence of the primary 
electron and the last three for a 30o angle of incidence.  
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4.1.3 Discussions of Experimental Results 
4.1.3.1 Varying the Grid Voltage 
      Variation in spatial distribution of the secondary electrons by varying the grid 
potential, while keeping all other parameters constant, was studied using EP sample 2 and 
the BCP sample 5. For the EP sample this was studied using a 1keV primary electron 
pulse at a 30o angle of incidence. It was noticed that as the grid potential was decreased 
from 300 V to 150 V, the concentration of the spatial distribution of the secondaries 
shifted from the edge of the central aperture to the outer edge of the detector. As the grid 
potential is decreased electrons with higher energies tend to strike further away from the 
detector center, thus moving the distribution of secondary electrons outwards. Figure 4.22 
show the shift in center of spatial distribution for grid potentials of 300, 250, 200 and 
150 V. For a 150 V change in grid potential, the maximum shift in the center of 
distribution of the secondary electron distribution along a straight line is about 16 bins on 
the detector output corresponding to about 4.4 mm on the detector surface. Of the grid 
potentials examined, the maximum secondary electron count detected, occurs for a grid 
voltage of 150 V.  This grid potential is used to study all 30o angle of incidence studies. 
Figures A.55 to A.58 show spatial distributions upon varying the grid voltage from 300 V 
to 150 V with three decrements of 50 V for a 30o incidence of the primary electron beam. 
      Similarly grid potential studies on the BCP sample show a similar shift in the 
distribution for secondaries resulting from a 15o angle of primary electron incidence. The 
grid potential was decreased from 300 V to 0 V in steps of 50 V. For grid potentials 
between 200 and 300 V, the entire distribution was lost to the central aperture. Therefore, 
data associated to these potentials are no longer considered. The center of gravity of the 
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secondary electron distribution emerges from the aperture at a potential between 100 and 
150 V. The entire distribution is visible on the detector for a grid potential of 50 V. 
Decreasing to 0 V results in the distribution shifting towards the outer regions of the 
detector. Since the experiments were conducted with 100 V on the grid for all 15o 
primary electron incidence studies, a considerable amount of electrons were undetected. 
Consequently, the aperture masks the secondary electron distribution allowing only those 
electrons on the tail of the distribution to be detected. Figure 4.23 shows the shift in 
spatial distribution for varying grid voltages. The maximum shift observed was over 
40 bins which correspond to 11.3 mm on the detector MCP surface for a change of 200 V 
on the grid. Figures A.164 to A.170 show spatial distributions upon varying the grid 
voltage from 0 V to 300 V with six increments of 50 V for a 15o incidence of the primary 
electron beam. 
4.1.3.2 General Discussions 
      The pattern of the grid mesh is shown to influence the position of the secondary 
electrons on the detector. This is seen as a grid pattern on the distribution as observed in 
Figure 4.7 and most other figures of the detector outputs. This corroborates a similar 
finding using the particle tracking codes shown in Figure 2.17. 
       The unpolished sample has a much higher secondary electron emission rate than both 
the EP and BCP sample. This was the reason for using a longer pulse for the polished 
samples as opposed to the unpolished sample. There was no noticeable change in the 
secondary electron emission distribution over the surface of the warm (room temperature) 
and cryogenic (~23oK) states of the samples.  
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       The variation of total counts with respect to primary electron energies shows higher 
counts near the 0.5 to 1keV energy range. This is compared to the generalized SEE curve 
for niobium in Figure 4.8. The generalized SEE curve for niobium is obtained for 
literature [5]. The placement of the curve is such that its peak is placed at the position 
obtained from the average of the three experimental curve peaks positions.  It should be 
noted that the curves obtained experimentally have different currents for different 
energies as noted in Table 4.1. 
      There was only negligible deviation in distribution shift due to the primary electron 
impacting various points on the same face of a sample.  
      Sample bake-out was performed on only one EP sample. Although a number of 
secondary electron emission tests were performed on the different beveled surfaces, it is 
felt that further testing should be explored since the statistical conclusion from a single 
sample is not necessarily conclusive.  Even so, upon observing the spatial distribution of 
the three angles of incidence, it is observed that there was no net change in the count rate 
after bake-out. The BCP samples showed a definite decrease in the total secondary 
electron counts after bake-out as observed in Table 4.8. The amount of decrease was also 
influenced by the position of the lamp compared to the sample point being studied. 
      All samples examined displayed the same conditioning effects. A significant decrease 
in the total secondary electron counts resulted as the number of beam impacts increased 
up to a minimum count. Further increases in the number of beam impacts resulted in an 
increase in secondary electron emission count. The experiment was stopped when the 
final SEE count neared the initial count. Although not explored, it is anticipated that the 
SEE count would increase as the number of beam impacts increased up to some 
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maximum level. This could be due to the build-up of carbon, from carbon compounds 
adsorbed on the surface, at the impacting point which results in an increased secondary 
electron yield. It was also observed that a 200 ms primary electron pulse conditioned the 
sample in half the time needed for a 100 ms pulse. However, the window at the low count 
rate region before increasing again is smaller for the 200 ms pulse than for the 100 ms 
one as shown in Figure 4.19. 
 
4.2 Simulation Results 
4.2.1 Monte Carlo Code Results and Validation Strategy 
      A secondary electron emission Monte Carlo code originally developed by Dr. David 
Joy at the University of Tennessee and significantly modified by Dr. Richard Kant at the 
University of Nevada - Las Vegas computationally predicts the initial conditions of the 
backscattered and secondary electrons emitted from a solid material like niobium. The 
physical mechanisms of the Monte Carlo code are based on a ‘screened’ Rutherford 
scattering cross-section and Dr. Joy’s version of the modified Bethe equation for the 
stopping power. A weighted random generator determines whether an elastic or an 
inelastic collision is suffered after traversing a mean free path in the material. The code 
tracks the primary electron and each generation of secondary electrons with energies of 
50 eV and higher through collision cascades. Those particles with energy greater than 
zero near the material-vacuum interface are emitted. It is noted that the work function of 
the metal is not considered in the secondary electron emission calculations. The particle 
trajectory information is recorded and saved for post processing. Except when near the 
material-vacuum interface, those particles with energies less than 50 eV are lost in the 
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collision cascade process and are no longer followed. For particles with energies between 
20 and 50 eV near the vacuum-material boundary (within a mean free path), a random 
number generator decides if the particle is allowed to leave the material. Dr. Joy’s 
experience suggests that his modified version of the Bethe equation for the stopping 
power is valid for electron energies between 50 eV to 1 keV. In theory, the Bethe 
equation for the stopping power is valid for electron (primary and secondary in the 
collision cascade) energies greater than 1 keV.  
      The power of the SEE Monte Carlo code comes from its ability to follow the detailed 
collision history of the primary electron and each generation of secondary electrons with 
the use of today’s high power computers.  This single scatterer approach is a microscopic 
study of the detailed collision history of the particle. Because the microscopic physics 
driving the collision process is intact, monolayer surface physics may be investigated 
allowing for the study of surface contamination adsorbed on and absorbed in the material. 
For purposes of this investigation, a pure niobium metal is assumed with a planar 
interface. The most probable range of initial conditions of secondary electrons produce 
by primary electrons impacting the sample surface is computed. The particle trajectory 
information provided by the code for an incident primary electron energy includes the 
initial trajectory angles and initial energies of secondary electrons as they exit the 
niobium sample surface. Figure 4.24 and 4.25 show scatter plots representing the initial 
energy and angle of emission of all secondary electrons emitted from the niobium sample 
due to a 30o incidence of 100,000 primary electrons with 0.1 keV and 1 keV energies 
respectively. Similar plots were obtained using 0.1, 0.25, 0.5, 0.75,1, 1.5, 2 and 3 keV 
primary electrons for 0o, 15o and 30o angles of primary electrons incidence. These plots 
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may be found in Figures A.171 to A.194 in Appendix VII. Table 4.9 shows the centers of 
gravity of the scattered electron distribution and the standard deviation of the scatter plots 
for all primary beam energies and incidence angles.  
      As noted in Chapter 1, true secondary electrons may have energies well below the 
50 eV minimum for code validity. To bring the physics of the code somewhat in line with 
the experimental study, all single count bins in the experimental study have been 
subtracted from the original data. The specular argument repeated is here for convenience 
only. A primary electron based on quantum mechanics may be treated as a wave function. 
The wave function has the properties of an electromagnetic wave.  Consequently, an 
electromagnetic wave propagating towards a planar surface interface will be reflected 
based on Snell’s law of reflection for electromagnetic waves as shown in Figure 4.36. 
This specular radiation with some degree of probability represents the backscattered 
electron centered about a distribution of secondary electrons. The single count bins have 
been removed to enhance the visibility of this effect and remove low count dark noise. As 
indicated previously, the dark noise count is between 2% and 6% of the total count data.  
The random nature of this count will probably yield for the most part single count bins 
within a single primary beam pulse. Because it has been shown that the ‘specular’ 
electrons for the normal and 15o beveled surface are lost to the aperture opening of the 
detector, a focus will be directed to primary beam impacts on the 30o bevel.  
      The center of gravity of the secondary electron distribution and the standard deviation 
is determined from the experimental data. Particle tracking simulations allow for the 
determination of the family of initial trajectories and energies based on final particle 
position measurements. Because the particle tracking and field codes are two 
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dimensional, tracking is studied only in the plane formed by the incident primary beam 
and the surface normal which is denoted as the plane of incidence. It is not practical to 
determine the family of initial conditions of all possible particle trajectories launched in 
this plane from the niobium surface satisfying the same final particle position for every 
detected particle.  Consequently, the spatial electron distribution over the detector surface 
is described by its center of gravity and standard deviation. From symmetry arguments, 
the standard deviation about the center of gravity lies in the defined plane of incidence. 
The two extreme positions about the center of gravity within the standard deviation are 
determined. The family of particle trajectories from these two final secondary electron 
positions is determined yielding two, energy vs. initial angle, curves. These two curves 
bound all possible families of initial trajectories for every final particle position within 
the standard deviation about the mean position. The SEE Monte Carlo code is then run 
for a statistically large number of incident primary electrons of same energy. The range 
of energies and momentum are examined noting that a large number of emitted secondary 
electrons are released from the niobium surface with momentum components 
perpendicular to the plane of incidence. Symmetry arguments suggest that the average 
momentum perpendicular to the plane of incidence should statistically approach zero.  
Since the number of emitted scattered electrons with momentum solely in the plane of 
incidence is small, all conical angles (relative to the surface normal) of all emitted 
secondary electrons are averaged together and considered in the standard deviation 
computation. The azimuth component (relative to the surface normal) of the momentum 
is not considered when comparing to the experimental data because of the two 
dimensional nature of the particle tracking and field codes. The energy and its standard 
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deviation are also determined from the outcome of the Monte Carlo simulation. The 
particle tracking code curves based on experimental and two-dimensional tracking studies 
are then extrapolated to include the range of energies and/or momentum predicted by the 
SEE Monte Carlos simulations. The SEE Monte Carlos results are then plotted and 
examined to see if they fit within the family of possible initial trajectories detected by the 
particle position detector. Since the ‘specular’ backscattered electrons should be in the 
central portion of the measured distribution, it is anticipated that the average 
energy/momentum location should lie in a central position between the extrapolated 
curves plotted 
4.2.2 Particle Tracking Simulation Results 
      Tracking of secondary electrons has been discussed in Section 2.4. Three look-up 
tables have been created for the three angles of primary electron incidence. Each of these 
tables, list the final position of a set of emitted secondary electrons on the detector 
surface. Tables may be found in the accompanying CD-ROM. Secondary electrons 
varying in energy between 1 and 20 eV were emitted over 180o with respect to sample 
surface normal with 0.1 eV increments in energy and 0.52o increments in angle of 
emission.  
      These look-up tables are used in conjunction with the experimental results to obtain a 
set of possible initial secondary electron energy and trajectory angle pairs. Each point on 
the detector from the experimental output can be compared with the table to produce a set 
of initial condition pairs. Hence, the initial condition pairs obtained change only with the 
radial position of the secondary electrons on the detector output and are constant over 
constant azimuthal angles. A range of secondary electron position is hence obtained in a 
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simplified manner by using the innermost and outermost electron detected points on the 
detector as the two extremes between which most of the secondary electrons lie. The 
curves representing the pairs of initial conditions for the two extreme points from Figure 
4.7 are shown in Figure 4.26. All points on a curve represent the possible set of 
secondary electron initial condition pairs that could be responsible for a single final point 
on the detector. Hence the region in between the two curves for the extreme points 
represent the possible set of secondary electron initial condition pairs that could result in 
the spatial distribution obtained on the detector. 
4.2.3 Discussion of Simulation Results 
      The possible set of secondary electron initial condition pairs obtained from particle 
tracking simulation were further narrowed down by comparing it with the Monte Carlo 
code. Since the Monte Carlo code provided valid results only for secondary electrons 
greater than 50 eV and since the particle tracking codes provided results for those below 
20 eV, any comparison could only be made only after extrapolating one of the output 
ranges. Therefore, the curves for each of the extreme points on the secondary electron 
spatial distribution shown in Figure 4.26 is extrapolated along the energy axis up to a 
1000 eV to obtain the curves in Figure 4.27. Extrapolation was performed using a 
polynomial equation of the sixth order. These curves are for a 1 keV primary electron 
incident at 30o to the surface normal on the first EP sample. Apart form the curves Figure 
4.27 also incorporates the standard deviations of the secondary electron initial conditions 
obtained from the Monte Carlo code in the form of a cross. The center of the cross is the 
center of gravity of secondary electron spatial distribution. Thus a comparison can be 
made between the results of the two simulation codes. Figures 4.28 to 4.32 shows plots 
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obtained for the EP sample 2, BCP sample 2, BCP sample 3, BCP sample 4 and BCP 
sample 5 respectively due to a 1 keV primary electron incident at 30o to the sample 
surface normal. Good agreement between Monte Carlo simulations and experiment 
combined with particle tracking simulations exists. Figure 4.33 shows the plot for the EP 
sample 1 due to a 0.5 keV primary electron incident at 30o to the sample surface normal. 
This plot too shows a reasonably good agreement between the particle tracking and 
Monte Carlo simulations. Unlike the previous cases Figures 4.34 and 4.35 which 
represent a plot for the EP1 sample due to a 1 keV primary electron incident at 0o and 15o 
to the sample surface normal respectively, show a large deviation in the initial conditions 
obtained by the two simulation techniques. As explained, the results for these two cases 
are expected since the specular secondary electron is lost to the aperture opening in the 
detector. Secondary electrons with initial conditions corresponding with the values of the 
weighted centers of gravity of the secondary electron distribution from the Monte Carlo 
code results for 1 keV and 0.5 keV, shown in Figures 4.27 and 4.33 respectively, are 
tracked. It is observed that both these emitted electrons strike the detector, further 
validating the Monte Carlo code results. This track is shown in Figure 4.37. 
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FIGURES 
 
Figure 4.1 The unpolished niobium sample in the vacuum chamber, seen through the long 
distance microscope. 
 
 
 
Figure 4.2a Dark counts for an acquisition time of 10 seconds 
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Figure 4.2b Secondary electron counts for an acquisition time of 10 seconds obtained after 
subtracting dark counts. 
 
 
 
Figure 4.3 Typical shape of the 100 ms primary electron pulse (bottom) compared with the 
output of the pulsing unit (top). 
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Figure 4.4 The electro-polished sample 1 in the vacuum chamber, seen through the long 
distance microscope. 
 
 
 
 
Figure 4.5 Secondary electron counts due to 0 degree incidence of a 1 keV, 100 ms primary 
electron pulse on the first EP sample. 
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Figure 4.6 Secondary electron counts due to 15 degree incidence of a 1 keV, 100 ms primary 
electron pulse on the first EP sample. 
 
 
 
 
 
Figure 4.7 Secondary electron counts due to 30 degree incidence of a 1 keV, 100 ms primary 
electron pulse on the first EP sample. 
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Figure 4.8 Variation of total secondary electron counts detected for varying primary electron 
energies and compared to the general SEE curve from literature [5]. 
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Figure 4.9 Typical RGA time-line graph of major component gases during sample bake-out. 
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Figure 4.10 Comparison of sample conditioning curves for 30o incidence and 15o incidence. 
(Legend Format: Sample Type, Primary Electron Incidence Angle, Primary Electron Energy) 
 
 
500
1000
1500
2000
2500
3000
3500
0 2 4 6 8 10 12
Sample EP1 30 Degrees 1KV
Sample EP1 30 Degrees 0.5KV
To
ta
l C
ou
nt
s
Shots
 
 
Figure 4.11 Comparison of sample conditioning curves for 1keV and 0.5keV primary energy. 
(Legend Format: Sample Type, Primary Electron Incidence Angle, Primary Electron Energy) 
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Figure 4.12 Comparison of sample conditioning curves for 15o angle of incidence. 
(Legend Format: Sample Type, Primary Electron Incidence Angle, Primary Electron Energy) 
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Figure 4.13 Comparison of sample conditioning curves for 30o angle of incidence. 
(Legend Format: Sample Type, Primary Electron Incidence Angle, Primary Electron Energy) 
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Figure 4.14 The buffered chemical polished sample-3 in the vacuum chamber, seen through 
the long distance microscope. 
 
 
 
 
Figure 4.15 Secondary electron counts due to 0 degree incidence of a 1 keV, 100 ms primary 
electron pulse on the fourth BCP sample. 
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Figure 4.16 Secondary electron counts due to 15 degree incidence of a 1 keV, 100 ms 
primary electron pulse on the fourth BCP sample. 
 
 
 
 
Figure 4.17 Secondary electron counts due to 30 degree incidence of a 1 keV, 100 ms 
primary electron pulse on the fourth BCP sample. 
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Figure 4.18 Comparison of sample conditioning curves for warm and cold samples. 
(Legend Format: Sample Type, Primary Electron Incidence Angle, Primary Electron Energy) 
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Figure 4.19 Comparison of sample conditioning curves for various pulse durations. 
(Legend Format: Sample Type, Primary Electron Incidence Angle, Primary Electron Energy, 
Pulse Duration) 
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Figure 4.20 Comparison of sample conditioning curves for 0.5 and 1 keV primary electron 
energy. (Legend Format: Sample Type, Primary Electron Incidence Angle, Primary Electron 
Energy, Pulse Duration) 
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Figure 4.21 Comparison of sample conditioning curves for 15o and 30o angle of primary 
beam incidence. (Legend Format: Sample Type, Primary Electron Incidence Angle, Primary 
Electron Energy, Pulse Duration) 
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Figure 4.22 Shift in the weighted center of spatial spread upon changing grid voltage for a 
30o angle of primary electron incidence. (Each of the boxes formed by the grid represents one 
bin on the detector output) 
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Figure 4.23 Shift in the weighted center of spatial spread upon changing grid voltage for a 
15o angle of primary electron incidence. (Each of the boxes formed by the grid represents one 
bin on the detector output) 
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Figure 4.24 Initial SE energies and angles of emission due to 100000, 0.1 keV primary 
electrons. (From the Monte Carlo code) 
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Figure 4.25 Initial SE energies and angles of emission due to 100000, 1 keV primary 
electrons. (From the Monte Carlo code) 
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Figure 4.26 Curves between which lie points of initial condition pairs which could contribute 
to the SE spatial spread due to a 1 keV primary electron incident at 30o to the surface normal 
on the first EP sample obtained from particle tracking simulations. 
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Figure 4.27 Comparison of the initial condition curves from particle tracking simulation with 
Monte Carlo code standard deviations for a 1 keV primary electron incident at 30o to the 
surface normal on the first EP sample. 
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Figure 4.28 Comparison of the initial condition curves from particle tracking simulation with 
Monte Carlo code standard deviations for a 1 keV primary electron incident at 30o to the 
surface normal on the second EP sample. 
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Figure 4.29 Comparison of the initial condition curves from particle tracking simulation with 
Monte Carlo code standard deviations for a 1 keV primary electron incident at 30o to the 
surface normal on the second BCP sample. 
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Figure 4.30 Comparison of the initial condition curves from particle tracking simulation with 
Monte Carlo code standard deviations for a 1 keV primary electron incident at 30o to the 
surface normal on the third BCP sample. 
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Figure 4.31 Comparison of the initial condition curves from particle tracking simulation with 
Monte Carlo code standard deviations for a 1 keV primary electron incident at 30o to the 
surface normal on the fourth BCP sample. 
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Figure 4.32 Comparison of the initial condition curves from particle tracking simulation with 
Monte Carlo code standard deviations for a 1 keV primary electron incident at 30o to the 
surface normal on the fifth BCP sample. 
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Figure 4.33 Comparison of the initial condition curves from particle tracking simulation with 
Monte Carlo code standard deviations for a 0.5 keV primary electron incident at 30o to the 
surface normal on the first EP sample. 
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Figure 4.34 Comparison of the initial condition curves from particle tracking simulation with 
Monte Carlo code standard deviations for a 1 keV primary electron incident at 0o to the 
surface normal on the first EP sample. 
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Figure 4.35 Comparison of the initial condition curves from particle tracking simulation with 
Monte Carlo code standard deviations for a 1 keV primary electron incident at 15o to the 
surface normal on the first EP sample. 
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Figure 4.36 Sketch showing ‘specular’ reflection from an inclined surface 
 
 
 
 
Figure 4.37 Track of secondary electrons with initial energies and angles corresponding to 
the values of the weighted centers of gravity of the secondary electron distribution from the 
Monte Carlo code results for 1 keV and 0.5 keV shown in Figures 4.27 and 4.33 respectively. 
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TABLES 
Table 4.1 Primary electron beam currents corresponding to the various primary electron 
beam energies used. 
Primary Electron  
Energy of (keV) 
Primary Electron  
Current (pA) 
0.1keV 80 
0.25keV 200 
0.5keV 550 
0.75keV 1300 
1keV 2200 
1.5keV  2900 
2keV 3300 
3keV 3700 
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Table 4.2 Total secondary electron count, center of spread and standard deviation 
obtained from the first electro-polished sample. 
 
Sample  
Thermal State 
Energy and Angle 
w.r.t. Sample  
Surface Normal 
of Primary Electron 
 
Total Detected 
Secondary  
Electron Counts 
Weighted Center 
of Spatial 
Spread  (x,y) 
Standard Deviation of 
Spatial Spread 
(x,y) 
Cold Sample 
(Figure A.4) 
1 keV at 0 Degree  
Incidence 1 604 (2.21,-8.53) (10.24,8.24) 
Cold Sample 
(Figure A.5) 
1 keV at 0 Degree  
Incidence 2 574 (2.92,-8.41) (10.41,8.29) 
Cold Sample 
(Figure A.6) 
1 keV at 0 Degree  
Incidence 3 443 (3.13,-7.65) (10.64,8.46) 
Cold Sample 
(Figure A.7) 
1 keV at 0 Degree  
Incidence 4 497 (3.52,-8.13) (9.86,8.30) 
Warm Sample 
(Figure A.19) 
1 keV at 0 Degree 
Incidence  876 (3.14,-6.88) (7.74,9.491) 
Cold Sample 
(Figure A.25) 
0.5 keV at 0  
Degree Incidence  230 (-4.66,-12.72) (6.89,5.17) 
Cold Sample 
(Figure A.9) 
1 keV at 15 Degree  
Incidence 1 935 (-2.79,-11.61) (10.49,6.56) 
Cold Sample 
(Figure A.10) 
1 keV at 15 Degree  
Incidence 2 1199 (-2.82,-11.56) (10.79,6.64) 
Cold Sample 
(Figure A.11) 
1 keV at 15 Degree  
Incidence 3 1097 (-4.33,-12.0) (9.959,6.54) 
Cold Sample 
(Figure A.12) 
1 keV at 15 Degree  
Incidence 4 913 (-3.93,-12.15) (8.88,5.86) 
Warm Sample 
(Figure A.20) 
1 keV at 15 Degree  
Incidence  1176 (-5.98,-13.69) (8.48,5.92) 
Cold Sample 
(Figure A.30) 
0.5 keV at 15 
Degree Incidence 839 (-3.64,-11.25) (9.88,6.57) 
Cold Sample 
(Figure A.14) 
1 keV at 30 Degree 
Incidence 1 2136 (-4.45,-21.45) (7.87,9.01) 
Cold Sample 
(Figure A.15) 
1 keV at 30 Degree 
Incidence 2 1568 (-4.66,-21.3) (8.11,9.47) 
Cold Sample 
(Figure A.16) 
1 keV at 30 Degree 
Incidence 3 1830 (-4.82,-21.5) (7.63,8.99) 
Cold Sample 
(Figure A.17) 
1 keV at 30 Degree 
Incidence 4 1580 (-4.8,-22.25) (7.52,,8.85) 
Warm Sample 
(Figure A.21) 
1 keV at 30 Degree 
Incidence  1463 (-4.88,-21.65) (7.74,9.49) 
Cold Sample 
(Figure A.35) 
0.5 keV at 30  
Degree Incidence  1244 (-4.92,-21.94) (6.88,8.64) 
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Table 4.3 Total secondary electron count, center of spread and standard deviation 
obtained from the second electro-polished sample. 
 
Sample  
Thermal State 
Angle of Primary 
Electron Incidence  
to Sample Surface 
Normal 
Total Detected 
Secondary  
Electron Counts 
Weighted Center 
of Spatial 
Spread  (x,y) 
Standard Deviation of 
Spatial Spread 
(x,y) 
Cold Sample 
(Figure A.43) 
0 Degree  
Incidence 487 (-3.99,-10.68) (9.83,6.17) 
Warm Sample 
(Figure A.46) 
0 Degree 
Incidence  160 (-2.12,-10.17) (10.21,5.94) 
Cold Sample 
(Figure A.44) 
15 Degree  
Incidence  290 (-4.16,-16.17) (12.26,9.6) 
Warm Sample 
(Figure A.47) 
15 Degree  
Incidence  473 (-0.14,-14.83) (14.29,11.79) 
Cold Sample 
(Figure A.45) 
30 Degree 
Incidence  1000 (-10.12,-18.93) (6.4,7.75) 
Warm Sample 
(Figure A.48) 
30 Degree 
Incidence  1218 (-10.8,-20.31) (6.44,8.02) 
 
Table 4.4 Total secondary electron count, center of spread and standard deviation 
obtained from the second buffered chemical polished sample. 
 
Sample  
Thermal State 
Angle of Primary 
Electron Incidence  
to Sample Surface 
Normal 
Total Detected 
Secondary  
Electron Counts 
Weighted Center 
of Spatial 
Spread  (x,y) 
Standard Deviation of 
Spatial Spread 
(x,y) 
Cold Sample 
(Figure A.73) 
0 Degree  
Incidence 1358 (6.92,-7.72) (9.3,7.36) 
Warm Sample 
(Figure A.82) 
0 Degree 
Incidence  1063 (6.01,-9.45) (9.64,7.43) 
Cold Sample 
(Figure A.74) 
15 Degree  
Incidence  521 (13.63,-3.28) (13.19,12.13) 
Warm Sample 
(Figure A.83) 
15 Degree  
Incidence  517 (14.18,-2.85) (14.26,11.87) 
Cold Sample 
(Figure A.75) 
30 Degree 
Incidence  795 (-0.65,-10.03) (11.81,10.78) 
Warm Sample 
(Figure A.84) 
30 Degree 
Incidence  902 (-4.37,-15.38) (12,9.93) 
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Table 4.5 Total secondary electron count, center of spread and standard deviation 
obtained from the third buffered chemical polished sample. 
 
Sample  
Thermal State 
Energy and Angle 
w.r.t. Sample  
Surface Normal 
of Primary Electron 
 
Total Detected 
Secondary  
Electron Counts 
Weighted Center 
of Spatial 
Spread  (x,y) 
Standard Deviation  
of Spatial Spread 
(x,y) 
Cold Sample 
(Figure A.85) 
1keV at 0 Degree  
Incidence 1954 (8.43,-9.08) (7.58,7.38) 
Warm Sample 
(Figure A.88) 
1keV at 0 Degree 
Incidence  1898 (8.59,-10.56) (7.18,5.95) 
Cold Sample 
(Figure A.97) 
0.5 keV at 0 Degree  
Incidence 1178 (2.61,-8.63) (9.25,9.28) 
Cold Sample 
(Figure A.86) 
1keV at 15 Degree  
Incidence  685 (9.92,-5.27) (13.1,13.67) 
Warm Sample 
(Figure A.89) 
1keV at 15 Degree  
Incidence  774 (9.45,-5.81) (12.63,13.04) 
Cold Sample 
(Figure A.98) 
0.5 keV at 15 Degree 
Incidence  376 (9.33,-4.8) (12.07,12.7) 
Cold Sample 
(Figure A.87) 
1keV at 30 Degree 
Incidence  527 (14.44,-7.57) (14.17,10.64) 
Warm Sample 
(Figure A.90) 
1keV at 30 Degree 
Incidence  754 (10.2,-6.94) (13.86,11.24) 
Cold Sample 
(Figure A.99) 
0.5 keV at 30 Degree 
Incidence  687 (9.93,-6.68) (13.73,10.7) 
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Table 4.6 Total secondary electron count, center of spread and standard deviation 
obtained from the fourth buffered chemical polished sample. 
 
 
Sample  
Thermal State 
Angle of Primary 
Electron Incidence  
to Sample Surface 
Normal 
Total Detected 
Secondary  
Electron Counts 
Weighted Center 
of Spatial 
Spread  (x,y) 
Standard Deviation of 
Spatial Spread 
(x,y) 
Cold Sample 
(Figure A.128) 
0 Degree  
Incidence 1 414 (-0.63,-11.21) (8.1,5.96) 
Cold Sample 
(Figure A.129) 
0 Degree  
Incidence 2 301 (-0.01,-11.36) (8.29,5.61) 
Cold Sample 
(Figure A.130) 
0 Degree  
Incidence 3 387 (0.06,-12.58) (7.52,4.43) 
Warm Sample 
(Figure A.119) 
0 Degree  
Incidence 1 363 (-0.02,-10.97) (8.34,6.1) 
Warm Sample 
(Figure A.120) 
0 Degree 
Incidence 2 415 (0.38,-11.53) (8.88,5.17) 
Warm Sample 
(Figure A.121) 
0 Degree  
Incidence 3 421 (0.68,-11.28) (8.95,6.44) 
Cold Sample 
(Figure A.131) 
15 Degree  
Incidence 1 164 (0.1,-12.16) (13.93,10.96) 
Cold Sample 
(Figure A.132) 
15 Degree  
Incidence 2 192 (-0.88,-11.15) (14.48,11.15) 
Cold Sample 
(Figure A.133) 
15 Degree  
Incidence 3 154 (-1.9,-11.52) (14.14,9.58) 
Warm Sample 
(Figure A.122) 
15 Degree  
Incidence 1 367 (-7.73,-10.46) (9.35,7.2) 
Warm Sample 
(Figure A.123) 
15 Degree  
Incidence 2 495 (-8.79,-10.97) (8.786,5.91) 
Warm Sample 
(Figure A.124) 
15 Degree  
Incidence 3 461 (-8.14,-10.89) (9.13,6.44) 
Cold Sample 
(Figure A.134) 
30 Degree 
Incidence 1 790 (-5.65,-20.32) (5.25,8.44) 
Cold Sample 
(Figure A.135) 
30 Degree 
Incidence 2 882 (-6.63,-21.06) (5.71,8.56) 
Cold Sample 
(Figure A.136) 
30 Degree 
Incidence 3 589 (-7.07,-20.94) (5.45,8.31) 
Warm Sample 
(Figure A.125) 
30 Degree 
Incidence 1 858 (-6.04,-21.54) (5.85,8.47) 
Warm Sample 
(Figure A.126) 
30 Degree 
Incidence 2 802 (-6.84,-20.97) (5.52,9.23) 
Warm Sample 
(Figure A.127) 
30 Degree 
Incidence 3 1007 (-7.3,-20.91) (5.59,8.34) 
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Table 4.7 Total secondary electron count, center of spread and standard deviation 
obtained from the fifth buffered chemical polished sample. 
 
Sample  
Thermal State 
Angle of Primary 
Electron Incidence  
to Sample Surface 
Normal 
Total Detected 
Secondary  
Electron Counts 
Weighted Center 
of Spatial 
Spread  (x,y) 
Standard Deviation of 
Spatial Spread 
(x,y) 
Cold Sample 
(Figure A.152) 
0 Degree  
Incidence 298 (-0.09,-10.71) (-10.74,5.26) 
Warm Sample 
(Figure A.149) 
0 Degree 
Incidence  167 (2.7,-9.56) (11.06,6.6) 
Cold Sample 
(Figure A.153) 
15 Degree  
Incidence  126 (9.92,-5.27) (13.1,13.67) 
Warm Sample 
(Figure A.150) 
15 Degree  
Incidence  152 (1.25,-13.04) (15.73,13.94) 
Cold Sample 
(Figure A.154) 
30 Degree 
Incidence  602 (-8.08,-21.85) (6.28,8.48) 
Warm Sample 
(Figure A.151) 
30 Degree 
Incidence  524 (-9.57,-24.68) (5.84,8.49) 
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Table 4.8 Total secondary electron count before and after sample bake-out for 3 of the 
BCP samples due to 0o, 15o and 30o angle of primary electron beam incidence. 
 
Sample  
Thermal State 
Primary Electon 
Energy and Angle  
of Primary  
Electron Incidence  
to Sample Surface 
Normal 
Total Detected 
Secondary  
Electron Counts 
Before Sample  
Bake-out 
Total Detected 
Secondary  
Electron Counts 
After Sample  
Bake-out 
Percentage 
decrease in total  
electron counts  
after bake-out 
(%) 
BCP Sample 2 1keV at 0 Degree  
Incidence 1358 1214 
10.6 
BCP Sample 2 1keV at 15 Degree 
Incidence  521 377 
27.6 
BCP Sample 2 1keV at 30 Degree  
Incidence  795 545 
31.4 
BCP Sample 5 1keV at 0 Degree  
Incidence 298 172 
42.3 
BCP Sample 5 1keV at 15 Degree 
Incidence  126 58 
53.9 
BCP Sample 5 1keV at 30 Degree  
Incidence  602 324 
46.2 
BCP Sample 3 1keV at 0 Degree  
Incidence 1954 771 
60.5 
BCP Sample 3 1keV at 15 Degree 
Incidence  685 337 
51.8 
BCP Sample 3 1keV at 30 Degree  
Incidence  527 146 
72.3 
BCP Sample 3 0.5 keV at 0  
Degree Incidence 1178 885 
24.9 
BCP Sample 3 0.5 keV at 15 
Degree Incidence  376 290 
22.8 
BCP Sample 3 0.5 keV at 30  
Degree Incidence  686 347 
49.4 
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Table 4.9 Center of spread and standard deviation of the Monte Carlo results for various 
primary electron energies and angles of incidence.  
Angle of Primary 
Electron Incidence  
to Sample Surface 
Normal 
Energy of Primary 
Electrons (keV) 
Weighted Center 
of Spatial Spread  
(keV,Degree) 
Standard Deviation of 
Spatial Spread 
(keV,Degree) 
0 Degree  
Incidence  
0.1keV (0.064732, 42.126)  (0.020056, 19.066) 
0 Degree  
Incidence  
0.25keV (0.16098, 44.4) (0.062586, 19.249) 
0 Degree  
Incidence  
0.5keV (0.33116, 45.281)  (0.12089, 19.255) 
0 Degree  
Incidence  
0.75keV (0.50313, 45.316) (0.17563, 19.08) 
0 Degree 
Incidence  
1keV (0.66992, 45.639) (0.2332, 19.061) 
0 Degree  
Incidence  
1.5keV  (1.0126, 46.11) (0.33944, 18.945) 
0 Degree  
Incidence 
2keV (1.349, 46.461) (0.44827, 18.862) 
0 Degree  
Incidence 
3keV (2.034, 46.431) (0.6648, 18.883) 
15 Degree  
Incidence  
0.1keV (0.065008, 42.146)  (0.020179, 19.385) 
15 Degree  
Incidence  
0.25keV (0.16161, 44.701) (0.062834, 19.246) 
15 Degree  
Incidence  
0.5keV (0.33165, 45.016)  (0.12109, 19.184) 
15 Degree  
Incidence  
0.75keV (0.50603, 45.338) (0.17637, 19.07) 
15 Degree  
Incidence 
1keV (0.67271, 45.519) (0.23225, 19.19) 
15 Degree  
Incidence 
1.5keV  (1.0149, 45.88) (0.33987, 18.957) 
15 Degree  
Incidence 
2keV (1.3565, 46.158) (0.44975, 19.085) 
15 Degree  
Incidence 
3keV (2.0475, 46.3) (0.66302, 18.974) 
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Table 4.9 Continued 
Angle of Primary 
Electron Incidence  
to Sample Surface 
Normal 
Energy of Primary 
Electrons (keV) 
Weighted Center 
of Spatial Spread  
(keV,Degree) 
Standard Deviation of 
Spatial Spread 
(keV,Degree) 
30 Degree 
Incidence 2 
0.1keV (0.065513, 41.322)  (0.02021, 19.063) 
30 Degree 
Incidence 3 
0.25keV (0.16339, 43.822) (0.062964, 19.361) 
30 Degree 
Incidence 3 
0.5keV (0.3355, 44.086)  (0.12181, 19.268) 
30 Degree 
Incidence 3 
0.75keV (0.51022, 44.708) (0.17856, 19.188) 
30 Degree 
Incidence 3 
1keV (0.68141, 44.951) (0.23339, 19.249) 
30 Degree 
Incidence 3 
1.5keV  (1.0315, 45.101) (0.34362, 19.207) 
30 Degree 
Incidence 3 
2keV (1.3795, 45.329) (0.45309, 19.06) 
30 Degree 
Incidence 3 
3keV (2.0832, 45.682) (0.66938, 19.016) 
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CHAPTER 5 
 
CONCLUSION AND FUTURE SUGGESTIONS 
5.1 Conclusion 
      In this work a unique experimental apparatus was in part designed and set up to study 
the phenomenon of secondary electron emission. Ultra high vacuum levels as low as 
5×10-10 were achieved in the test chamber. The LANL surface polished niobium sample 
could not be studied in a superconducting state, but experiments were performed at 
cryogenic temperatures. The minimum temperature achieved on the niobium sample was 
22 oK. An in situ sample bake-out system was incorporated in the test chamber. The 
niobium sample was designed and machined in a unique manner with multiple bevels. 
This design coupled with a deliberate shift in the alignment of the rotateable cryostat, 
enabled three different angles of primary electron incidence to be studied without moving 
the sample.  
       Analytical analysis coupled with the use of two-dimensional finite element 
electrostatic simulations enabled the determination of the optimum characteristics 
required for the secondary electron detector. This code was further employed to design 
the electron gun, detector and the sample/cryostat assembly alignment. Particle tracking 
simulations were performed on sets of emitted secondary electrons. Three look-up tables 
with probable secondary electron initial conditions were created, each for one of the three 
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different angles of primary electron incidence. The initial conditions include initial 
secondary electron energy and initial secondary electron angle of emission with respect to 
sample surface normal. A modified Monte Carlo code was also employed to obtain 
probable values of secondary electron initial conditions. 
       Experimental data were obtained from two electro-polished and five buffered 
chemical polished niobium samples. Variations in secondary electron emission between 
the sample at room temperature and at cryogenic temperatures, before and after sample 
bake-out, and due to sample surface conditioning were recorded and discussed. Apart 
from this, the effect of changing primary energies, angles of primary electron incidence, 
and the detector grid voltage were analyzed. Total chamber pressure, partial pressure of 
gasses, temperatures, primary electron characteristics and bake-out times were recorded. 
      The experimental data was then compared with the three look-up tables from the 
particle tracking simulation to obtain a set of initial secondary electron energy and angle 
of emission for each experimental output. These secondary electron initial conditions 
were further verified using the Monte Carlo secondary electron emission code to validate 
the results. 
       Interesting surface conditioning characteristics were examined showing shot counts 
that lead to minimum secondary electron count.  Further, very good agreement between a 
theory based on physical mechanisms not necessarily valid at the very low energies was 
shown with experimental electron emission studies coupled with particle tracking codes. 
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5.2 Future Suggestions 
      The cryostat may be modified to obtain a lower base temperature to facilitate 
experiments on superconducting niobium. This can be performed either by modifying the 
second stage (~60 oK) shielding on the cryostat or by replacing the present modified 
closed cycle cryostat with an open cycle liquid helium cryostat. In order to achieve the 
superconducting state an improved sample adhesion technique has to be employed to 
ensure excellent thermal contact with the cryostat head. 
     In the case of the 15o angle of primary electron incidence, a large number of 
secondary electrons are lost to the central aperture because an increased grid voltage of 
100 V was employed. Reducing the grid voltage to 100 V has been shown to capture 
maximum secondaries as seen in Figures A.164 to A.170 of Appendix VI. Similarly 
detailed studies for the normal incidence could be made possible by placing a negative 
potential on the detector/grid allowing the secondary electrons to populate the detector 
uniformly with azimuth angle.   
      The in situ plasma sputter cleaning system could not be used because of a leaky 
transfer line for the ultra high purity argon gas used. Upon being fixed this system could 
be used to study change in secondary electron characteristics after sputter cleaning of the 
sample surface.  
     Edge effects around the central hole of the grid mesh in front of the detector MCP 
tend to emit substantial amounts of electrons resulting in detector noise. A ring could be 
soldered on to this circular edge thus eliminating the sharp emitting points. The presence 
of the grid influences the final positions of the secondary electrons as shown by similar 
cross-hatch pattern on all the detector outputs. This could be avoided by replacing the 
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grid mesh altogether with an electrostatic lens, to converge secondary electrons onto the 
detector MCP face. 
      The particle tracking code used is a two-dimensional code which tracks particles 
impacting a single cross section of the detector. The grid mesh being a cross-hatched 
structure would have different configurations for different detector/grid cross sections on 
the two-dimensional code. Since only one grid configuration was used for all cross 
sections the final positions of the secondary electrons could have been altered for some of 
the detector cross sections. Therefore, a three-dimensional particle tracking code is 
recommended for future simulation studies. 
      A large number of secondary electrons avoid detection by the detector. The total 
secondary electron emission can be obtained using the current system with slight 
modifications. If the sample is electrically isolated from cryostat ground and connected to 
an electrometer, information on the secondary electron yield could be obtained. 
Electrically isolating the sample should not compromise the thermal contact between 
sample and cryostat. This could be made possible by using quartz, which has a high 
thermal conductivity and a low electrical conductivity. 
      It was seen that the primary electron beam characteristics effected the secondary 
electron emission. This study can be further investigated to determine an optimal primary 
electron beam current/energy, beam width and beam spacing which results in minimum 
secondary electron emission. 
      The detector could be used to measure electron energy by varying the grid potential. 
The quantum efficiency of the detector has to be determined in order to achieved such a 
measurement. 
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      Beam energies do not correlate to equal beam currents (number of charge in a pulse 
are not the same in this experiment).  It would be interesting to study surface conditioning 
by varying the beam energies with same number of charges and be varying the number of 
charges with the same beam energies. 
      Photoelectric excitation of secondary electrons and ions with UV light from different 
surface conditioned materials may offer unique surface conditioning information. 
      The Monte Carlo code could be enhanced, since it appears that the experimental data 
for very low energies agrees with SEE model code that are suppose to breakdown at the 
low energy levels. This may allow for extending the models to even lower energies 
avoiding the extrapolation of the particle tracking results.   
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APPENDIX I 
 Turbo-Molecular and Cryogenic Pumps 
      Turbo-molecular pumps operate by transfer of momentum from high speed rotating 
blades to the gas molecules. It consists of a high frequency motor driving a turbine fitted 
with 10 bladed stages and 4 macrotorr stages. The turbine is made of high-strength, light 
aluminum alloy, and is machined from a single block of aluminum. The turbine blades 
have five different angles, from 44° to 12°, while the Macrotorr stages are in the form of 
discs. The turbine rotor is supported by permanently lubricated high precision ceramic  
 
 
 
 
 
1   – High vacuum flange 
2   – Stator pack 
3   – Venting connection flange 
4   – For-vacuum connection flange 
5   – Splinter guard 
6   – Rotor 
7   – Pump casing 
8   – Bearing 
9   – Motor 
10 – Bearing 
 
 
 
 
 
 
 
 
Figure A.1a Cutaway view of a typical turbo-molecular pump [61] 
 177 
      
ball bearings installed on the low vacuum side of the pump. The static blades of the stator 
are fabricated in stainless steel. These are supported and accurately positioned by spacer 
rings. Figure A.1a shows the cutaway view of a typical turbo-molecular pump. 
      Turbo molecular pumps usually have an operating range from 10-2 to 10-10 Torr. 
Hence, they have to be backed by a low vacuum pump capable of bringing the pressure 
down from atmosphere to 10-2. It must also have its discharge pressure held below 10-2 by 
the low vacuum pump during operation. The pump used in this experiment has a blade 
rotation speed of 75,000 rpm, and is capable of maintaining a base pressure of 
8104 −× Torr with a pumping speed of 60 l/s for nitrogen.  
 
 
Figure A.1b Cutaway view of a typical Cryo-Torr cryogenic pump [62] 
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      Figure A.1b shows the cutaway view of a typical cryogenic pump. The cryogenic 
pump is a high vacuum pump used to take maximum advantage of two technologies, 
cryocondensation and cryosorption. Cryocondensation is a gas capture process in which 
an arrangement of cold surfaces assists in the impingement of gas molecules with 
possible condensation on the surface. Cryosorption is also a process of gas capture which 
uses an adsorbent cooled to cryogenic temperatures to remove gas molecules from the 
gas space. A cryogenic pump has a pressure range of 3105 −× Torr to almost 10-10 Torr.  
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APPENDIX II 
  Residual Gas Analyzer 
      A Residual Gas Analyzer also called the mass spectrometer detects and identifies 
gasses present in a vacuum chamber. An RGA, shown in Figure A.3, consists of three 
main parts, the first being the ionizer were the gas molecules are ionized in order to have 
control of the atoms or molecules of the residual gases in the system. In an RGA 
ionization occurs as electrons bombard sample gas molecules. Most RGA’s detect only 
positive ions. The source of these bombarding electrons is a hot tungsten filament. The 
electrons from a hot filament are drawn into a region where the ions are to be formed 
such that the electrons will typically have an energy of 70 eV. This energy is sufficient to 
create ions by knocking off one or more electrons. These ionized molecules are directed 
towards the second part, which is the analyzer.  
 
Figure A.2 RGA components [63] 
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      The analyzer, or ion filter, is were these ions are separated by mass, in order to have a 
meaningful partial pressure measurement, as opposed to total pressure. The quadrupole 
mass spectrometer is the most commonly used RGA. It employs the principle of 
quadrupole mass analysis. The mass filter section of the RGA affects a selective passage 
of a single ion species from the ionizer, through to the detector. Ions are filtered 
according to their mass to charge ratios. A detector is employed in order to detect the 
relative mass abundance of a certain species. The Faraday cup detector is most commonly 
used to measure the filtered ions exiting the quadrupole mass filter. The Faraday cup 
detector can detect very small currents equivalent to partial pressures in the 10-12 Torr 
range. An electron multiplier may also be used thus amplifying the original signal 
significantly.  
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APPENDIX III 
Cryostat Cooling Curves 
Table A.1. Cryostat cooling curve showing the decrease in temperature over time as 
recorded by the DT 670 CY diode mounted to the side of the cryostat. 
Time 
(minutes) 
Temperature 
(oK) 
Time 
(minutes) 
Temperature 
(oK) 
Time 
(minutes) 
Temperature 
(oK) 
0 291.27 23.000 118.79 46 10.535 
1 291.28 24.000 109.55 47 10.349 
2 290.37 25.000 99.913 48 10.021 
3 281.97 26.000 89.657 49 09.991 
4 273.48 27.000 78.547 50 09.783 
5 265.28 28.000 65.934 51 08.724 
6 257.25 29.000 50.320 52 08.466 
7 249.26 30.000 26.755 53 08.481 
8 241.38 31.000 16.947 54 08.707 
9 233.47 32.000 14.257 55 09.079 
10 225.46 33.000 13.834 56 09.397 
11 217.45 34.000 13.508 57 09.551 
12 209.51 35.000 13.264 58 09.253 
13 201.58 36.000 12.823 59 09.464 
14 193.67 37.000 12.611 60 09.614 
15 185.74 38.000 12.195 61 09.497 
16 177.72 39.000 11.656 62 09.600 
17 169.71 40.000 10.881 63 09.571 
18 161.61 41.000 10.342 63 and 5 sec 09.361 
19 153.36 42.000 09.978 63 and 10sec 09.383 
20 145.00 43.000 09.748 63 and 15sec 09.394 
21 136.47 44.000 10.652 63 and 20sec 09.393 
22 127.73 45.000 10.605 63 and 25sec 09.412 
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Table A.2. Cryostat cooling curve showing the decrease in temperature over time as 
recorded by the DT 670 SD diode mounted to the top of the cryostat. 
Time 
(minutes) 
Temperature 
(oK) 
Time 
(minutes) 
Temperature 
(oK) 
Time 
(minutes) 
Temperature 
(oK) 
0 288.76 23.000 116.63 46 18.245 
1 288.76 24.000 107.83 47 18.162 
2 286.37 25.000 98.677 48 17.983 
3 276.58 26.000 88.906 49 17.896 
4 268.17 27.000 78.418 50 17.810 
5 260.01 28.000 66.518 51 17.734 
6 251.93 29.000 52.149 52 17.596 
7 244.07 30.000 32.721 53 17.535 
8 236.30 31.000 25.477 54 17.464 
9 228.54 32.000 23.270 55 17.423 
10 220.63 33.000 22.045 56 17.374 
11 212.98 34.000 21.302 57 17.394 
12 205.22 35.000 20.733 58 17.585 
13 197.44 36.000 20.203 59 17.612 
14 189.65 37.000 19.886 60 17.648 
15 181.82 38.000 19.663 61 17.636 
16 173.89 39.000 19.393 62 17.604 
17 166.09 40.000 19.005 63 17.396 
18 158.26 41.000 18.767 63 and 5 sec 17.407 
19 150.22 42.000 18.490 63 and 10sec 17.553 
20 141.94 43.000 18.436 63 and 15sec 17.554 
21 133.72 44.000 18.359 63 and 20sec 17.562 
22 125.32 45.000 18.309 63 and 25sec 17.564 
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APPENDIX IV 
Detector Voltage / Current Variations 
Table A.3. Shows the variations in MCP currents upon increasing the MCP back voltage 
while holding the MCP front voltage at 300 V. 
MCP FRONT MCP BACK 
Voltage(V) Current(A) Voltage(V) Current(A) 
300 290 110 0 
300 292 200 0 
300 291 300 1 
300 291 400 2 
300 291 500 4 
300 291 600 6 
300 291 700 6 
300 291 800 8 
300 291 900 10 
300 291 1000 11 
300 291 1300 15 
300 291 1700 21 
300 291 2000 26 
300 291 2100 27 
300 291 2200 29 
300 291 2300 30 
300 291 2400 32 
300 291 2500 34 
300 291 2600 36 
300 291 2700 38 
300 291 2800 39 
300 291 2900 41 
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APPENDIX V 
 High Voltage Isolation 
Table A.4 MCP front voltages for different MCP front l voltages and MCP back voltages. 
MCP back 
voltage V2  
MCP front 
control 
voltage V1 
MCP front 
voltage Vr 
Voltage across 
one transistor Vx V1 / Vr 
500 0 1.3 - - 
500 100 83 37 0.83 
500 200 172 80 0.86 
500 300 261 120 0.87 
500 400 350 170 0.875 
500 500 440 210 0.88 
500 560 494 235 0.882143 
     
1500 500 442 215 0.884 
1000 500 441 215 0.882 
2000 500 443 215 0.886 
2900 500 446 215 0.892 
     
2900 100 84 38 0.84 
2900 200 173 82 0.865 
2900 300 272 135 0.906667 
2900 400 363 175 0.9075 
2900 500 447 215 0.894 
2900 600 553 260 0.921667 
2900 700 623 300 0.89 
2900 800 712 345 0.89 
2900 900 802 390 0.891111 
2900 1000 890 435 0.89 
2900 1100 975 481 0.886364 
     
2000 100 92 41 0.92 
2000 200 182 88 0.91 
2000 300 272 122 0.906667 
2000 400 352 160 0.88 
2000 500 441 210 0.882 
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MCP back 
voltage V2  
MCP front 
control 
voltage V1 
MCP front 
voltage Vr 
Voltage across 
one transistor Vx V1 / Vr 
2000 600 530 250 0.883333 
2000 700 619 290 0.884286 
2000 800 708 330 0.885 
2000 900 797 350 0.885556 
2000 1000 895 437 0.895 
2000 1100 975 481 0.886364 
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Figure A.3 Shows the linear variation of the MCP front control voltage with MCP front 
voltage obtained.  
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APPENDIX VI 
 
Experimental Results 
 
(Note: Figures A.4 to A.64 are from the two electro-polished samples and Figures A.65 
to A.170 are from the six buffered chemical polished samples.) 
 
 
 
 
Figure A.4 Cryogenic sample, 1 keV primary at normal incidence, before bake-out. 
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Figure A.5 Cryogenic sample, 1 keV primary at normal incidence, before bake-out (2). 
 
 
 
 
Figure A.6 Cryogenic sample, 1 keV primary at normal incidence, before bake-out (3). 
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Figure A.7 Cryogenic sample, 1 keV primary at normal incidence, before bake-out (4). 
 
 
 
 
Figure A.8 Cryogenic sample, 1 keV primary at normal incidence, before bake-out (5). 
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Figure A.9 Cryogenic sample, 1 keV primary at 15oincidence, before bake-out (1). 
 
 
 
 
Figure A.10 Cryogenic sample, 1 keV primary at 15o incidence, before bake-out (2). 
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Figure A.11 Cryogenic sample, 1 keV primary at 15o incidence, before bake-out (3). 
 
 
 
 
Figure A.12 Cryogenic sample, 1 keV primary at 15o incidence, before bake-out (4). 
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Figure A.13 Cryogenic sample, 1 keV primary at 15o incidence, before bake-out (5). 
 
 
 
 
Figure A.14 Cryogenic sample, 1 keV primary at 30o incidence, before bake-out (1). 
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Figure A.15 Cryogenic sample, 1 keV primary at 30o incidence, before bake-out (2). 
 
 
 
 
Figure A.16 Cryogenic sample, 1 keV primary at 30o incidence, before bake-out (3). 
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Figure A.17 Cryogenic sample, 1 keV primary at 30o incidence, before bake-out (4). 
 
 
 
 
Figure A.18 Cryogenic sample, 1 keV primary at 30o incidence, before bake-out (5). 
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Figure A.19 Room temp. sample, 1 keV primary at normal incidence, before bake-out. 
 
 
 
 
Figure A.20 Room temperature sample, 1 keV primary at 15o incidence, before bake-out. 
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Figure A.21 Room temperature sample, 1 keV primary at 30o incidence, before bake-out. 
 
 
 
 
Figure A.22 Sample conditioning: 1 keV primary at 30o incidence, first shot. 
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Figure A.23 Sample conditioning: 1 keV primary at 30o incidence, after five 100ms shots. 
 
 
 
 
Figure A.24 Sample conditioning: 1 keV primary at 30o incidence, after ten 100ms shots. 
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Figure A.25 Cryogenic sample, 0.5 keV primary at normal incidence, before bake-out (1) 
 
 
 
 
Figure A.26 Cryogenic sample, 0.5 keV primary at normal incidence, before bake-out (1) 
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Figure A.27 Cryogenic sample, 0.5 keV primary at normal incidence, before bake-out (1) 
 
 
 
 
Figure A.28 Cryogenic sample, 0.5 keV primary at normal incidence, before bake-out (1) 
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Figure A.29 Cryogenic sample, 0.5 keV primary at normal incidence, before bake-out (1) 
 
 
 
 
Figure A.30 Cryogenic sample, 0.5 keV primary at 15o incidence, before bake-out (1). 
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Figure A.31 Cryogenic sample, 0.5 keV primary at 15o incidence, before bake-out (1). 
 
 
 
 
Figure A.32 Cryogenic sample, 0.5 keV primary at 15o incidence, before bake-out (1). 
 201 
 
 
Figure A.33 Cryogenic sample, 0.5 keV primary at 15o incidence, before bake-out (1). 
 
 
 
 
Figure A.34 Cryogenic sample, 0.5 keV primary at 15o incidence, before bake-out (1). 
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Figure A.35 Cryogenic sample, 0.5 keV primary at 30o incidence, before bake-out (1). 
 
 
 
 
Figure A.36 Cryogenic sample, 0.5 keV primary at 30o incidence, before bake-out (1). 
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Figure A.37 Cryogenic sample, 0.5 keV primary at 30o incidence, before bake-out (1). 
 
 
 
 
Figure A.38 Cryogenic sample, 0.5 keV primary at 30o incidence, before bake-out (1). 
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Figure A.39 Cryogenic sample, 0.5 keV primary at 30o incidence, before bake-out (1). 
 
 
 
 
Figure A.40 Conditioning: 0.5 keV primary at 30o incidence, first shot. 
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Figure A.41 Conditioning: 0.5 keV primary at 30o incidence, after five 100 ms shots. 
 
 
 
 
Figure A.42 Conditioning: 0.5 keV primary at 30o incidence, after ten 100 ms shots. 
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Figure A.43 Cryogenic sample, 1 keV primary at normal incidence, before bake-out. 
 
 
 
 
Figure A.44 Cryogenic sample, 1 keV primary at 15o incidence, before bake-out. 
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Figure A.45 Cryogenic sample, 1 keV primary at 30o incidence, before bake-out. 
 
 
 
 
Figure A.46 Room temp. sample, 1 keV primary at normal incidence, before bake-out. 
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Figure A.47 Room temperature sample, 1 keV primary at 15o incidence, before bake-out. 
 
 
 
 
Figure A.48 Room temperature sample, 1 keV primary at 30o incidence, before bake-out. 
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Figure A.49 Room temp. sample, 1 keV primary at normal incidence, after bake-out. 
 
 
 
 
Figure A.50 Room temperature sample, 1 keV primary at 15o incidence, after bake-out. 
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Figure A.51 Room temperature sample, 1 keV primary at 30o incidence, after bake-out. 
 
 
 
 
Figure A.52 Conditioning: 1 keV primary at 30o incidence, first shot. 
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Figure A.53 Conditioning: 1 keV primary at 30o incidence, after five 100 ms shots. 
 
 
 
 
Figure A.54 Conditioning: 1 keV primary at 30o incidence, after ten 100 ms shots. 
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Figure A.55 Grid voltage variation: 1 keV primary at 30o incidence, 300 V grid. 
 
 
 
 
Figure A.56 Grid voltage variation: 1 keV primary at 30o incidence, 250 V grid. 
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Figure A.57 Grid voltage variation: 1 keV primary at 30o incidence, 200 V grid. 
 
 
 
 
Figure A.58 Grid voltage variation: 1 keV primary at 30o incidence, 150 V grid. 
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Figure A.59 Cryogenic sample, 0.1 keV primary at 30o incidence, before bake-out. 
 
 
 
 
Figure A.60 Cryogenic sample, 0.25 keV primary at 30o incidence, before bake-out. 
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Figure A.61 Cryogenic sample, 0.5 keV primary at 30o incidence, before bake-out. 
 
 
 
 
Figure A.62 Cryogenic sample, 0.75 keV primary at 30o incidence, before bake-out. 
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Figure A.63 Cryogenic sample, 1 keV primary at 30o incidence, before bake-out. 
 
 
 
 
Figure A.64 Cryogenic sample, 1.5 keV primary at 30o incidence, before bake-out. 
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Figure A.65 Room temp. sample, 1 keV primary at normal incidence, before bake-out. 
 
 
 
 
Figure A.66 Room temperature sample, 1 keV primary at 15o incidence, before bake-out. 
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Figure A.67 Room temperature sample, 1 keV primary at 30o incidence, before bake-out. 
 
 
 
 
Figure A.68 Conditioning: 1 keV primary at 30o incidence, initial shot. 
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Figure A.69 Conditioning: 1 keV primary at 30o incidence, after two 100 ms shots. 
 
 
 
 
Figure A.70 Conditioning: 1 keV primary at 30o incidence, after three 100 ms shots. 
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Figure A.71 Conditioning: 1 keV primary at 30o incidence, after four 100 ms shots. 
 
 
 
 
Figure A.72 Conditioning: 1 keV primary at 30o incidence, after five 100 ms shots. 
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Figure A.73 Cryogenic sample, 1 keV primary at normal incidence, before bake-out. 
 
 
 
 
Figure A.74 Cryogenic sample, 1 keV primary at 15o incidence, before bake-out. 
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 Figure A.75 Cryogenic sample, 1 keV primary at 30o incidence, before bake-out. 
 
 
 
 
Figure A.76 Cryogenic sample, 1 keV primary at normal incidence, after bake-out. 
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Figure A.77 Cryogenic sample, 1 keV primary at 15o incidence, after bake-out. 
 
 
 
 
Figure A.78 Cryogenic sample, 1 keV primary at 30o incidence, after bake-out. 
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Figure A.79 Conditioning: 1 keV primary at 15o incidence, initial shot. 
 
 
 
 
Figure A.80 Conditioning: 1 keV primary at 15o incidence, after three 100 ms shots. 
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Figure A.81 Conditioning: 1 keV primary at 15o incidence, after six 100 ms shots. 
 
 
 
 
Figure A.82 Room temp. sample, 1 keV primary at normal incidence, before bake-out. 
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Figure A.83 Room temperature sample, 1 keV primary at 15o incidence, before bake-out. 
 
 
 
 
Figure A.84 Room temperature sample, 1 keV primary at 30o incidence, before bake-out. 
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Figure A.85 Cryogenic sample, 1 keV primary at normal incidence, before bake-out. 
 
 
 
 
Figure A.86 Cryogenic sample, 1 keV primary at 15o incidence, before bake-out. 
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Figure A.87 Cryogenic sample, 1 keV primary at 30o incidence, before bake-out. 
 
 
 
 
Figure A.88 Room temp. sample, 1 keV primary at normal incidence, before bake-out. 
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Figure A.89 Room temperature sample, 1 keV primary at 15o incidence, before bake-out. 
 
 
 
 
Figure A.90 Room temperature sample, 1 keV primary at 30o incidence, before bake-out. 
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Figure A.91 Cryogenic sample, 1 keV primary at normal incidence, after bake-out. 
 
 
 
 
Figure A.92 Cryogenic sample, 1 keV primary at 15o incidence, after bake-out. 
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Figure A.93 Cryogenic sample, 1 keV primary at 30o incidence, after bake-out. 
 
 
 
 
Figure A.94 Conditioning: 1 keV primary at 30o incidence, first shot. 
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Figure A.95 Conditioning: 1 keV primary at 30o incidence, after three 100 ms shots. 
 
 
 
 
Figure A.96 Conditioning: 1 keV primary at 30o incidence, after six 100 ms shots. 
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Figure A.97 Cryogenic sample, 0.5 keV primary at normal incidence, before bake-out. 
 
 
 
 
Figure A.98 Cryogenic sample, 0.5 keV primary at 15o incidence, before bake-out. 
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Figure A.99 Cryogenic sample, 0.5 keV primary at 30o incidence, before bake-out. 
 
 
 
 
Figure A.100 Cryogenic sample, 0.5 keV primary at normal incidence, after bake-out. 
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Figure A.101 Cryogenic sample, 0.5 keV primary at 15o incidence, after bake-out. 
 
 
 
 
Figure A.102 Cryogenic sample, 0.5 keV primary at 30o incidence, after bake-out. 
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Figure A.103 Cryogenic sample, 0.1 keV primary at 30o incidence, before bake-out. 
 
 
 
 
Figure A.104 Cryogenic sample, 0.25 keV primary at 30o incidence, before bake-out. 
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Figure A.105 Cryogenic sample, 0.5 keV primary at 30o incidence, before bake-out. 
 
 
 
 
Figure A.106 Cryogenic sample, 0.75 keV primary at 30o incidence, before bake-out. 
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Figure A.107 Cryogenic sample, 1 keV primary at 30o incidence, before bake-out. 
 
 
 
 
Figure A.108 Cryogenic sample, 1.5 keV primary at 30o incidence, before bake-out. 
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Figure A.109 Cryogenic sample, 2 keV primary at 30o incidence, before bake-out. 
 
 
 
 
Figure A.110 Cryogenic sample, 3 keV primary at 30o incidence, before bake-out. 
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Figure A.111 Cryogenic sample, 0.1 keV primary at 15o incidence, before bake-out. 
 
 
 
 
Figure A.112 Cryogenic sample, 0.25 keV primary at 15o incidence, before bake-out. 
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Figure A.113 Cryogenic sample, 0.5 keV primary at 15o incidence, before bake-out. 
 
 
 
 
Figure A.114 Cryogenic sample, 0.75 keV primary at 15o incidence, before bake-out. 
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Figure A.115 Cryogenic sample, 1 keV primary at 15o incidence, before bake-out. 
 
 
 
 
Figure A.116 Cryogenic sample, 1.5 keV primary at 15o incidence, before bake-out. 
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Figure A.117 Cryogenic sample, 2 keV primary at 15o incidence, before bake-out. 
 
 
 
 
Figure A.118 Cryogenic sample, 3 keV primary at 15o incidence, before bake-out. 
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Figure A.119 Room temp. sample,1 keV primary at normal incidence,before bake-out (1) 
 
 
 
 
Figure A.120 Room temp. sample,1 keV primary at normal incidence,before bake-out (2) 
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Figure A.121 Room temp. sample,1 keV primary at normal incidence,before bake-out (3) 
 
 
 
 
Figure A.122 Room temp. sample, 1 keV primary at 15o incidence, before bake-out (1) 
 246 
 
 
Figure A.123 Room temp. sample, 1 keV primary at 15o incidence, before bake-out (2) 
 
 
 
 
Figure A.124 Room temp. sample, 1 keV primary at 15o incidence, before bake-out (3) 
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Figure A.125 Room temp. sample, 1 keV primary at 30o incidence, before bake-out (1) 
 
 
 
 
Figure A.126 Room temp. sample, 1 keV primary at 30o incidence, before bake-out (2) 
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Figure A.127 Room temp. sample, 1 keV primary at 30o incidence, before bake-out (3) 
 
 
 
 
Figure A.128 Cryogenic sample, 1 keV primary at normal incidence, before bake-out (1) 
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Figure A.129 Cryogenic sample, 1 keV primary at normal incidence, before bake-out (2) 
 
 
 
 
Figure A.130 Cryogenic sample, 1 keV primary at normal incidence, before bake-out (3) 
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Figure A.131 Cryogenic sample, 1 keV primary at 15o incidence, before bake-out (1) 
 
 
 
 
Figure A.132 Cryogenic sample, 1 keV primary at 15o incidence, before bake-out (2) 
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Figure A.133 Cryogenic sample, 1 keV primary at 15o incidence, before bake-out (3) 
 
 
 
 
Figure A.134 Cryogenic sample, 1 keV primary at 30o incidence, before bake-out (1) 
 252 
 
 
Figure A.135 Cryogenic sample, 1 keV primary at 30o incidence, before bake-out (2) 
 
 
 
 
Figure A.136 Cryogenic sample, 1 keV primary at 30o incidence, before bake-out (3) 
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Figure A.137 Conditioning: 0.5 keV primary at 30o incidence, first shot. 
 
 
 
 
Figure A.138 Conditioning: 0.5 keV primary at 30o incidence, after ten 100 ms shots. 
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Figure A.139 Conditioning: 0.5 keV primary at 30o incidence, after 19 100 ms shots. 
 
 
 
 
Figure A.140 Conditioning: 1 keV primary at 30o incidence, first shot. 
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Figure A.141 Conditioning: 1 keV primary at 30o incidence, after ten 50 ms shots. 
 
 
 
 
Figure A.142 Conditioning: 1 keV primary at 30o incidence, after 20 50 ms shots. 
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Figure A.143 Conditioning: 1 keV primary at 30o incidence, first shot. 
 
 
 
 
Figure A.144 Conditioning: 1 keV primary at 30o incidence, after 12 100 ms shots. 
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Figure A.145 Conditioning: 1 keV primary at 30o incidence, after 17 100 ms shots. 
 
 
 
 
Figure A.146 Conditioning: 1 keV primary at 30o incidence, first shot. 
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Figure A.147 Conditioning: 1 keV primary at 30o incidence, after five 200 ms shots. 
 
 
 
 
Figure A.148 Conditioning: 1 keV primary at 30o incidence, after ten 200 ms shots. 
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 Figure A.149 Room temp. sample, 1 keV primary at normal incidence, before bake-out 
 
 
 
 
Figure A.150 Room temp. sample, 1 keV primary at 15o incidence, before bake-out 
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Figure A.151 Room temp. sample, 1 keV primary at 30o incidence, before bake-out 
 
 
 
 
Figure A.152 Cryogenic sample, 1 keV primary at normal incidence, before bake-out 
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Figure A.153 Cryogenic sample, 1 keV primary at 15o incidence, before bake-out 
 
 
 
 
 Figure A.154 Cryogenic sample, 1 keV primary at 30o incidence, before bake-out 
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Figure A.155 Cryogenic sample, 1 keV primary at normal incidence, after bake-out 
 
 
 
 
Figure A.156 Cryogenic sample, 1 keV primary at 15o incidence, after bake-out 
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Figure A.157 Cryogenic sample, 1 keV primary at 30o incidence, after bake-out 
 
 
 
 
Figure A.158 Conditioning: 1 keV primary at 15o incidence, first shot. 
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Figure A.159 Conditioning: 1 keV primary at 15o incidence, after ten 100 ms shots. 
 
 
 
 
Figure A.160 Conditioning: 1 keV primary at 15o incidence, after 14 100 ms shots. 
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Figure A.161 Conditioning: 1 keV primary at 30o incidence, first shot. 
 
 
 
 
Figure A.162 Conditioning: 1 keV primary at 30o incidence, after nine 100 ms shots. 
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Figure A.163 Conditioning: 1 keV primary at 30o incidence, after 15 100 ms shots. 
 
 
 
 
Figure A.164 Grid voltage variation: 1 keV primary at 15o incidence, 0 V grid. 
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Figure A.165 Grid voltage variation: 1 keV primary at 15o incidence, 50 V grid. 
 
 
 
 
Figure A.166 Grid voltage variation: 1 keV primary at 15o incidence, 100 V grid. 
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Figure A.167 Grid voltage variation: 1 keV primary at 15o incidence, 150 V grid. 
 
 
 
 
Figure A.168 Grid voltage variation: 1 keV primary at 15o incidence, 200 V grid. 
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Figure A.169 Grid voltage variation: 1 keV primary at 15o incidence, 250 V grid. 
 
 
 
 
Figure A.170 Grid voltage variation: 1 keV primary at 15o incidence, 300 V grid. 
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APPENDIX VII 
Monte Carlo Simulation Results 
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Figure A.171 Monte Carlo output for 0o Incidence of 0.1 keV primary electrons 
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Figure A.172 Monte Carlo output for 0o Incidence of 0.25 keV primary electrons 
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Figure A.173 Monte Carlo output for 0o Incidence of 0.5 keV primary electrons 
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Figure A.174 Monte Carlo output for 0o Incidence of 0.75 keV primary electrons 
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Figure A.175 Monte Carlo output for 0o Incidence of 1 keV primary electrons 
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Figure A.176 Monte Carlo output for 0o Incidence of 1.5 keV primary electrons 
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Figure A.177 Monte Carlo output for 0o Incidence of 2 keV primary electrons 
 274 
0
20
40
60
80
100
0 0.5 1 1.5 2 2.5 3
In
itia
l A
n
gle
 
w
.
r.
t. 
Sa
m
pl
e 
Su
rfa
ce
 
No
rm
al
 
(D
eg
re
e)
Initial Energy (keV)
 
 
Figure A.178 Monte Carlo output for 0o Incidence of 3 keV primary electrons 
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Figure A.179 Monte Carlo output for 15o Incidence of 0.1 keV primary electrons 
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Figure A.180 Monte Carlo output for 15o Incidence of 0.25 keV primary electrons 
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Figure A.181 Monte Carlo output for 15o Incidence of 0.5 keV primary electrons 
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Figure A.182 Monte Carlo output for 15o Incidence of 0.75 keV primary electrons 
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Figure A.183 Monte Carlo output for 15o Incidence of 1 keV primary electrons 
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Figure A.184 Monte Carlo output for 15o Incidence of 1.5 keV primary electrons 
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Figure A.185 Monte Carlo output for 15o Incidence of 2 keV primary electrons 
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Figure A.186 Monte Carlo output for 15o Incidence of 3 keV primary electrons 
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Figure A.187 Monte Carlo output for 30o Incidence of 0.1 keV primary electrons 
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Figure A.188 Monte Carlo output for 30o Incidence of 0.25 keV primary electrons 
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Figure A.189 Monte Carlo output for 30o Incidence of 0.5 keV primary electrons 
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Figure A.190 Monte Carlo output for 30o Incidence of 0.75 keV primary electrons 
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Figure A.191 Monte Carlo output for 30o Incidence of 1 keV primary electrons 
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Figure A.192 Monte Carlo output for 30o Incidence of 1.5 keV primary electrons 
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Figure A.193 Monte Carlo output for 30o Incidence of 2 keV primary electrons 
 282 
0
20
40
60
80
100
0 0.5 1 1.5 2 2.5 3
In
iti
al
 
An
gle
 
w
.
r.
t. 
Sa
m
ple
 
Su
rfa
ce
 
No
rm
al
 
(D
eg
re
e)
Initial Energy (keV)
 
 
Figure A.194 Monte Carlo output for 30o Incidence of 3 keV primary electrons 
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